THE ABNORMAL MORPHOGENESIS OF ARTHROBACTER MARINUS UNDER HEAVY-METAL STRESS by GONYE, EDWARD ROLAND, JR.
University of New Hampshire
University of New Hampshire Scholars' Repository
Doctoral Dissertations Student Scholarship
Summer 1972
THE ABNORMAL MORPHOGENESIS OF
ARTHROBACTER MARINUS UNDER
HEAVY-METAL STRESS
EDWARD ROLAND GONYE JR.
Follow this and additional works at: https://scholars.unh.edu/dissertation
This Dissertation is brought to you for free and open access by the Student Scholarship at University of New Hampshire Scholars' Repository. It has
been accepted for inclusion in Doctoral Dissertations by an authorized administrator of University of New Hampshire Scholars' Repository. For more
information, please contact nicole.hentz@unh.edu.
Recommended Citation
GONYE, EDWARD ROLAND JR., "THE ABNORMAL MORPHOGENESIS OF ARTHROBACTER MARINUS UNDER
HEAVY-METAL STRESS" (1972). Doctoral Dissertations. 997.
https://scholars.unh.edu/dissertation/997
INFORM ATION TO USERS
This dissertation was produced from  a microfilm copy of the original document. 
While the most advanced technological means to photograph and reproduce this 
document have been used, the quality is heavily dependent upon the quality of 
the original submitted.
The following explanation o f techniques is provided to help you understand 
markings or patterns which may appear on this reproduction.
1. The sign or "target" fo r pages apparently lacking from  the document 
photographed is "Missing Page{s)". If it was possible to obtain the 
missing page(s) or section, they are spliced into the film  along with 
adjacent pages. This may have necessitated cutting thru an image and 
duplicating adjacent pages to insure you complete continuity.
2. When an image on the film is obliterated with a large round black 
mark, it is an indication that the photographer suspected that the 
copy may have moved during exposure and thus cause a blurred 
image. You will find  a good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the  
upper left hand corner of a large sheet and to continue photoing from  
left to right in equal sections w ith a small overlap. If necessary, 
sectioning is continued again — beginning below the first row and 
continuing on until complete.
4. The majority of users indicate that the textual content is of greatest 
value, however, a somewhat higher quality reproduction could be 
made from "photographs" if essential to the understanding of the  
dissertation. Silver prints of "photographs" may be ordered at 
additional charge by writing the Order Department, giving the catalog 
number, title, author and specific pages you wish reproduced.
University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 48106
A Xerox Education Company
73-4358
GONYE Jr., Edward Roland, 1942- 
THE ABNORMAL MORPHOGENESIS OF ARTHRORACTER 
MARINUS UNDER HEAVY METAL STRESS
University o£ New Hampshire, Ph.D., 1972 
Microbiology
University Microfilms, A XEROX Company, Ann Arbor, Michigan
THE ABNORMAL MORPHOGENESIS OP ARTHROBACTER 
MABINUS UNDER HEAVY METAL STRESS
bY
EDWARD ROLAND GONYE JR.
B.S., Fairleigh Dickinson University, 1968 
A THESIS
Submitted to the University of New Hampshire 
In Partial Fulfillment of 
The Requirements for the Degree of
Doctor of Philosophy 
Graduate School 
Department of Microbiology 
July, 1972
This thesis has been examined and approved.
n 4  a  /4 4 «  a  a  "4—■ a m * /T a !  a m  1 7Thesis director, Galen E. Jones, Prof. of Microbiology
r W ' '
Fred T. Hickson, Assoc. Prof. of Biology
vsufi.
Robert M. Zsigary,/^ss;t?^P^f. of Microbiology
Edward J. ^erbst, Prof. and Chairman, Biochemistry
Miyoshi ,Akawa, Prof. of Biochtemistry
Date
PLEASE NOTE:
Some pages may have 
i n d i s t i n c t  p r i n t .  
Filmed as re ce ive d .
U n iv e r s i t y  M ic r o f i lm s ,  A Xerox Education Company
This thesis is dedicated to my mother-in-law, 
Gladys Evelyn Miller, who was born, raised, and who 
most recently died, in the soft green hills of 
Vermont.
ACKNOWLEDGMENTS
My sincere appreciation is expressed to Dr. Galen 
E. Jones for the personal guidance and scientific advice 
he offered so willingly during my graduate study.
The auspices of the Woods Hole Oceanographic 
Institution, Woods Hole, Massachusetts, are acknowledged 
gratefully including the use of the R/V KNORR and consulta­
tion of Drs. Holger W. Jannasch, Charles C. Remsen,
Virginia Peters, and Gordon H. Volkmann.
Special thanks are reserved for my wife, Judith, 
for her patience and durability.
This dissertation was supported from 1968-70 by 
an National Defense Education Act Title IV Fellowship and 
from 1971-72 by a National Science Foundations Traineeship, 
Grant No., 5 T01-GM00935-08.
TABLE OF CONTENTS
LIST OF TABLES........................................viii
LIST OF FIGURES ........................................x
ABSTRACT.............................................. xii
I . INTRODUCTION ...................................... 1
II. LITERATURE REVIEW ................................ *3
III. MATERIALS AND METHODS.......................... 12
Organisms .................................... 12
Media and Culture Conditions ................. 12
Glassware .................................... 13
Photomicrography ............................. 14-
Ketodeoxyoctulosonate (KDO) Determination ....14-
Effects of Spermidine, Putrescine, and 
Ferrichrome .................................. 14-
Chromatography of Diaminopimelic Acid (DAP) ..15
Preparation of Cell Envelope ................. 16
Amino Acid Analysis  ........................ 17
Polyacrylamide Gel Electrophoresis ...........18
Plasmolyzing and Deplasmolyzing Agents .......19
Scanning Electron Microscopy ................. 20
Dispersive and Non-Dispersive X-Ray Analysis..21
Freeze-etching ............................... 21
Environmental Studies ........................ 21
IV. RESULTS ......................................... 24-
Modification of Salts Used in Basal Medium ...24-
Tolerance of Related Terrestrial Species
for Ni Ions .................................. 27
v
Whole Cell Characteristics of A. marinus
Under Ni Stress ................................. 28
Effect of Salts on Sensitized Cells of 
A. marinus .................................... 31
Size and Morphology of A. marinus as 
Influenced by Chloramphenicol  .........34-
Effect of Poly amines ...........................37
The Interaction of Ferrichrome with
A. marinus .................................... 4-3
Electron Microscopy of A. marinus ............ 4-3
Scanning Electron Microscopy ................. 43
Dispersive and Non-Dispersive X-ray Analysis..50
Freeze-etching  ...............................54
Cell Envelope Characteristics of A. marinus 
Under Hi Stress .................................63
Ketodeoxyoctulosonate Content of Crude Wall 
and Envelope Preparation..................... 76
Amino Acid Content of Cell Envelope 
Preparations of A. marinus ................... 78
Protein Composition of Cell Wall and
Envelope Preparations .................   88
Polyacrylamide Gel Electrophoresis of 
Envelope Proteins ............................92
Determination of Molecular Weight of
Envelope Proteins ............................101
Radioactive Labeling of Envelope Proteins 
Resolved by Disc Gel Electrophoresis ........105
Environmental Studies of the Effect of Ni 
on Marine Microorganisms ...................... Ill
vi
Open Ocean Area ...............................Ill
Coastal Zone ........................... »..... 124
Estuarine Area ................................ 127
Comparison of Open Ocean Isolates to the





1. Effect of Organic Nutrients and Basal Salts on
the Growth of A. marinus ..........................25
2. Effect of Ni on Bacterial Species Related to the 
Genus Arthrohacter.................................29
5. Effect of Ni on the Morphology of Bacterial
Species Related to the Genus Arthrohacter........30
4. Ability of Na Salts to Affect Plasmolysis in
Sensitized Cells of A. marinus .................... 32
5. Ability of Metallic Salts to Affect Plasmolysis
in Sensitized Cells of A. marinus ................. 33
6. Size and Morphology of A. marinus treated with
Chloramphenicol and NiC^ ...................... •••38
7. Effect of Polyamines on the Growth of Several 
Bacterial Cultures ............................  .40
8. Effect of Putrescine on the Growth of A. marinus
in the Presence of NiC^ ......................... 41
9. Effect of Spermidine on the Growth of A. marinus
in the Presence of NiC^ ......................... 42
10. Effect of Ferrichrome on the Growth of A. marinus
in the Presence of N i C ^ ......................... 44
11. Ketodeoxyoctulosonate Content of Crude Wall and 
Envelope Preparations .............................77
12. Amino Acid Composition of Cell Envelopes of
A. marinus ........................................ 84
13. Amino Acid Composition of Cell Envelopes of
A. marinus Under Ni Stress ....................... 85
14. Ratio of the Cell Envelope Amino Acids of
A. marinus Under Ni Stress ....................... 87
15- Amino Acids Released from Cell Walls of Gram
Positive Bacteria .................................89
viii
16. Protein Composition of Cell Envelopes of
A. marinus ....................................... 93
17- Molecular Weights of the Major Envelope Proteins
of A, marinus and A, crystallopoietes ........... 104
18. Hydrographic Data for Gulf Stream Stations...... 114
19. Gulf Stream Station No 1 ......................... 117
20. Gulf Stream Station No 2  ........................ 118
21. Gulf Stream Station No 3 ......................... 119
22. Gulf Stream Station No 4 ......................... 120
23. Gulf Stream Station No 5 ......................... 121
24. Gulf Stream Station No 6 ......................... 122
25. Gulf Stream Station No 7 ........................ .123
26. Hydrographic Data for Gulf of Maine Stations ...,125
27. Gulf of Maine Stations ........................... 126
28. Hydrographic Data for Great Bay - Little Bay
Stations  ........................................ 128
29. Great Bay - Little Bay Stations ..................129
30. Growth of Open Ocean Microorganisms in the
Presence of Ni ................................... 131
31. Comparison of Ni-tolerant Open Ocean Isolates
and A. marinus in Relation to Other Heavy Metals.132
ix
LIST OF FIGURES
1. Phase Microscopy of Sensitized Cells of
A, marinus .........................................36
2. Scanning Electron Microscopy of Cells of
A. marinus Under Ni Stress ...........   47
3. Scanning Electron Microscopy of Control Cells of
A. marinus ........................................ 49
4. Scanning Electron Microscopy of a Nx-stressed
Cell of A. marinus .................................52
5. Freeze-etching of Two Cell Wall Layers of
A. marinus .........................................56
6. Freeze-etching of Globular Protein Layer of
A. marinus I .......................................58
7. Freeze-etching of Globular Protein Layer of
A. marinus II ..................................... 60
8. Freeze-etching of Multivacuolation in A. marinus ..62
9. Freeze-etching of a Partial Vacuole Membrane...... 65
10. Freeze-etching of a Complete Vacuole Membrane ..... 67
11. Freeze-etching of PHB Granules in A. marinus...... 69
12. Freeze-etching of Flagella of A. marinus .......... 71
13. Enlargement of Flagella of A. marinus ............. 75
14. Area of Insertion of Flagella in A. marinus ....... 75
15. Schematic Summary of a Cell Envelope
Preparation for A. marinus ........................ 79
16. Cell Envelopes of A. marinus .......................81
17. Enlargement of an Isolated Cell Envelope of
A. marinus.........................................83
18. Peptidoglycan and Protein Concentrations in Cell 
Envelopes of A. marinus .............................91
x
19. Polyacrylamide Gel Electrophoresis of Envelope 
Proteins of A. marinus Under Ni Stress  .......95
20. Densiometric Tracings of Envelope Proteins
of A. marinus .................................. *.98
21. Polyacrylamide Gel Electrophoresis of Wall 
Proteins of A. crystallopoietes ................. 100
22. Molecular Weight Determination by Polyacrylamide 
Gel Electrophoresis ............................. 103
1423. Radioactive Profile of C Leucine Labeled
Envelope Proteins of A. marinus ................. 107
14.24. Radioactive Profile of C Leucine Labeled 
Envelope Proteins of A. marinus After Boiling
in SDS ...........................................110
25. Sampling Areas for Biostations in Open Ocean, 
Coastal, and Estuarine Environments .............113
xi
ABSTRACT
THE ABNORMAL MORPHOGENESIS OF ARTHROBACTER
MARINUS UNDER HEAVY METAL STRESS.
by
EDWARD ROLAND GONYE JR.
Arthrobacter marinus exhibits alteration of its normal 
coccoid-rod morphogenesis in the presence of heavy metal 
ions. Ni caused the most dramatic alterations of cellular 
morphology at a concentration of 2x10 to 4-xlO M NiC^ in 
a basal medium consisting of 0.5 6 peptone and 0.5 g yeast 
extract per liter of a basal salts solution of a molarity of 
0.29. Under Ni stress the cell enlarged from a normal 1-2 
to over 25 urn in diameter.
In comparison to bacterial cultures of a non-marine 
origin related to the genus Arthrobacter. (A. globiformja 
A. crystallopoietes. Corynebacterium diphtheriae, Coryne- 
bacterium pseudodiphtheriae. and Nocardia coralline), A. 
marinus demonstrated tolerance to the highest concentrations 
of Ni (5x10"^ M) in Nutrient Agar. Only A. marinus formed 
megalomorphic cells in the presence of NiC^ concentrations 
approaching toxicity.
Under Ni stress a progressive degenerative condition 
of the cell envelope was observed. The major amino acids 
released from acid hydrolysis of the normal A. marinus cell 
envelope were alanine, glutamic acid, aspartic acid and 
diaminopimelic acid (DAP). DAP was shown to exist as the 
meso or the DD isomer. In the Ni-stressed condition a
xii
loss of cell envelope amino acids including alanine, glutamic 
acid and diaminopimelic acid was observed*
The untreated A. marinus cell envelope protein ranged 
from 30-60 per cent. During Mg deprivation, the envelope 
protein content decreased to 14-17 per cent without cellular 
enlargement. Under Ni stress the envelope protein decreased 
to 6-9 per cent. Experiments with chloramphenicol indicated 
that protein synthesis was necessary for the formation of a 
megalomorphic cell.
SDS-polyacrylamide gel electrophoresis indicated 27-31 
protein bands in the normal cell envelope of A. marinus 
whereas the Ni stressed envelope exhibited 18-20 separate 
protein bands. In a comparative study, A. crystallopoietes 
cell walls indicated 30-32 protein bands in the coccoid form 
and 21-24 protein bands in the rod form.
The four major envelope proteins exhibited in the 
electrophoretic gels from the untreated cells of A. marinus 
had molecular weights of 93,000, 80,000, 55,000, and 35,000. 
These proteins accounted for 50 per cent of the total enve­
lope protein. A. marinus cell envelopes and A. crystallopo­
ietes cell walls exhibited a protein moiety with an apparent 
molecular weight of 80,000. The Ni-stressed cell envelope 
of A. marinus was reduced in the 80,000 and 55,000 molecular
weight protein bands. Analysis of individual 1 mm slices
14from the SDS polyacrylamide gels labeled with C leucine 
indicated a reduction of total envelope protein rather than 
a deletion of specific proteins. Similarly, protein reduction
xiii
occurred during Mg deficient growth.
Ferrichrome was ineffective in sparing megalomorphic 
formation of A. marinus under Ni stress. Putrescine and 
spermidine were also ineffective in preventing megalomorphs. 
The polyamine tolerance of A. marinus, A. crystallopoietes 
and A. globiformis resembled that of E. coli.
Mild acid hydrolysis of A, marinus cell envelopes con­
tained ketodeoxyoctulosonate (KDO). The KDO content of A. 
marinus cell envelope was stable under Ni stress.
Scanning electron microscopy indicated a progressive 
degenerative condition of the A. marinus cell under Ni 
stress. Multivacuolation characterized by vacuole membranes, 
polybetahydroxybutyric acid granules, and a loss of cell 
envelope protein granules were demonstrated in A. marinus 
under Ni stress by the freeze-etching technique. The role 
of protein was indicated as the stabilizing component in 
maintaining a functional cell envelope in A. marinus.
An ecological survey of three seawater environments, 
open ocean, coastal, and estuarine, indicated the open 
ocean heterotrophic microbial population as the most Ni
tolerant. Twenty eight isolates from open ocean seawater
_2
were able to grow at 10 M NiC^ added to Marine Nutrient
Agar plates. Although the coastal and estuarine habitates
gave total counts on Marine Nutrient Agar plates three and
four orders of magnitude higher than the open ocean samples,
„ 2
no organisms were isolated from these environments at 10 M 
NiOl^. A growth stimulatory effect at 10“  ^ and 10”^ M NiC^
in Marine Nutrient Agar occurred in the open ocean and the 
coastal microbial populations, respectively, prior to toxic 
concentrations. Approximately 17 per cent of the open ocean 




During the last 100 years, the natural transformations 
of elements in the world's oceans has been modified by 
marine pollutants derived from human activities, such as 
petroleum discharges, sewage, pulp mill effluents, heavy 
metals, synthetic organic chemicals (DDT and PCB), micro­
organisms, and artificial radionucleides. The rate of 
discharge into the marine environment for many of these 
pollutants is expected to increase during the next few 
decades. The toxicity of most of these pollutants has been 
demonstrated for some forms of marine life and, in some in­
stances, for man.
Knowledge of the interactions of marine life and trace 
elements is slight. Marine plants and animals have concen­
trated, against a gradient, many trace elements, although 
the function of the concentrated elements is largely un­
known (Bowen, 1966). Trace element analyses of bacteria, 
marine or terrestrial, is limited although techniques are 
now available for more detailed investigations of trace 
element distributions.
The potential danger of pollutant trace elements enter­
ing the world's oceans is that the concentration of those 
elements in the environment is altered and the chemical form 
of the element is usually different from the natural form 
resulting in a more rapid biological uptake (Marine Environ­
mental Quality, 1971)• The President's Council of Environ­
mental Quality (1971) listed 14 elements (Hg, As, Ba, Be, Cd,
2Pb, Mn, Ni, 3e, Ag, V, and Zn) as potentially dangerous to 
health and the environment.
The effect of heavy metal ions, particularly Ni, on the 
marine bacterium, Arthrobacter marinus, is the principal focus 
of this dissertation. An examination of the proteinaceous 
cell envelope content of Arthrobacter marinus in the presence 
of various concentrations of NiCl^ was conducted to determine 
how metals affect the cells. Bacterial populations from the 
open ocean, near shore, and estuarine environments were sub­
jected to various concentrations of NiC^ in Marine Nutrient 
Agar as an index of Ni as an ecological factor.
3II LITERATURE REVIEW
The accumulation of Ni in the environment parallels 
the onset of the world wide production of Ni from numerous 
mining sites for subsequent utilization in the chemical, 
petroleum and steel industries.
Ni mines in Ontario and Manitoba, Canada, produce ap­
proximately 70 per cent of the non-communist world's Ni.
The bulk of the remaining Ni is produced from mines in New 
Caledonia. Russia produces 80 per cent of the Ni among com­
munist nations and Cuba most of the remainder. Mining 
production of Ni as of 1970 was estimated at a world figure 
of 0.5 million tons/yr (Mineral Pacts and Problems, 1970).
The Ni transported by rivers to the oceans is approxi­
mately 0.01 million tons/yr. The contribution from atmos­
pheric washout is estimated at 0.03 million tons/yr.
World Ni production is expected to reach 1*3 million 
tons/yr by the year 2000. The total cumulative world demand 
for Ni from 1968 through 2000 is forecast as between 23 and 
31 million tons. World Ni reserves estimated at 100 mil­
lion tons or more are sufficient to meet the future demand 
(Mineral Pacts and Problems, 1970).
By the year 2000, the amount of Ni accumulated in the 
oceans from the rivers would be 0.6 million tons for an av­
erage annual input twice that now occurring. The Ni accu­
mulated from atmospheric washout would be 1.8 million tons 
reflecting a rate double the current average annual input.
An accumulation of Ni is evident on land by a reoent
4comparative study of soil samples from the lowland and 
ridge areas in southern Sweden* Soil samples were analyzed 
for Ni content and compared to pre-1920 levels (Ruhling and 
Tyler, 1969)* Significant world Ni mining operations com­
menced during 1920-30* The content of Ni in the recent 
soil samples was twice that in the earlier soil samples*
The increase in soil Ni was attributed to airborne contamln 
mation from human activity. The concentration of Cd, Zn,
Ni, and Fb in roadside soil and vegetation decreased with 
the depth of the soil and the distance from active traffic 
(Lagerwerff and Specht, 1970). However, the greater part 
of airborne pollution of heavy metals from automotive emis­
sions and industrialization may be controlled to a large 
extent. Schroeder (1970) stated that of the 27 metals he 
considered, 7 are toxic, and of these three represent real 
or potential hazards to human health: Ni, Cd, and Fb* Two 
other metals need careful observation: Be and Sb. If 
measures for abatement were directed at the three toxic met­
als, atmospheric washout would diminish*
METABOLIC DISORDERS OF NI
Organically-bound Hg is known to cause "Minamata Bay 
disease", named after the bay in Japan where it occurred 
(Ui, 1969)* Cd causes "itai itai" disease also originating 
in Japan (Fukushima et al* 1970)* No specific disease is 
known to be associated with Ni ingestion from unchecked in­
dustrial sources or mine drainage such as has been noted 
for Hg or Cd. However, Doll, Morgans and Speizer (1971)
5indicated a 5-10 fold increase in lung cancer and a 100- 
900 fold increase in nasal carcinoma among men employed in 
a Ni refinery for a period of 5 years or longer* Baumslag, 
Keen, and Petering (1971) suggested the high content of Ni 
and Gr in snuff was responsible for the increased levels of 
antral carcinoma in long term snuff users. Additionally,
Ni carbonyl Qjl (C0)£3 **as lQnS been considered an injurious 
agent which in rats caused an inhibition of RNA synthesis (Sun- 
derman, 1965). It does not function by impaired transport 
of RNA precursors across the nuclear membrane (Beach and 
Sunderman, 1970). A 12-21 per cent inhibition of RNA poly­
merase in rat hepatic nuclei resulted from the addition of 
1x10”^ M NiC^ to the assay mixture (Novello and Stirpe,
1969).
Treagan and Furst (1970) using Newcastle Disease Virus 
(NDV) for the induction of interferon in mammalian cell cul­
tures, demonstrated considerable inhibition of interferon 
synthesis from the addition of 0.8 mg of NiCl^ per 7 ml of 
Minimal Essential Medium. Although the inhibition was not 
permanent, it persisted for several days.
METABOLIC ROLES OF NI
As late as i960, no known requirement for Ni had been 
estabilished in biological systems. Of the metals between 
atomic numbers 25 (V) and 50 (Zn), only 2'+ (Or) and 28 (Ni) 
were not known to have specific biological functions (Wack- 
er and Vallee, 1959). However, RNA from bovine liver ex­
tracts contained nondialyzable Cr and Ni in large amounts
6relative to the dry weight of the ribonucleoprotein. The 
metals may be involved in binding sites between protein and 
nucleic acids or they may play a role in either the function 
or the structure of nucleic acids.
More recent work by Seff and Riley (1970) suggests that 
the transitional elements are neeessary for life processes. 
Without traces of Ni ions and/or transitional metal ions, 
human protein chemistry may be impaired* NiO(2-macroglobu- 
lin was isolated from rabbit serum (Nomato, McNeeley and 
Sunderman, 1971)* Ni in rabbit serum was in three separate 
forms; ultrafilterable Ni (16 per cent), albumin-bound Ni 
(40 per cent) and a Ni-metalloprotein labeled "nickeloplas- 
min" (44 per cent). A Ni-deficient diet in chicks caused 
a change in leg pigmentation, thickening of the long bones 
and a significant reduction in the length-width ratio of the 
tibia (Nielsen and Sauberlich, 1970).
Cells of two Evdrogenomonas strains grown chemolitbo- 
trophicklly on molecular hydrogen required the addition of 
3xlO“^M NiClg (Bartha and Ordal, 1965). Mn, Co, Cu, and 
Zn, alone or in combination failed to substitute for Ni.
It was suggested that Ni participated in COg-fixation by 
growing cells of Evdrogenomonas.
Ni Tolerance
Six heavy metals commonly associated with industrial 
effluents (Cu, Cr, Pe, Hg, Ni, and Zn) were tested in the 
European brown shrimp, Crangon crangon, and the European 
cockle, Cardium edule (Portmann, 1970). Hg was the most
7toxic followed, in decreasing order of toxicity, by Cu, Fe,
Cr, Ni, and Zn. The LC^q (concentration required to kill 50 
per cent of the animals in 4-8 hr) for Ni was between 100- 
350 ppm w/v for both marine animals.
Becium homblei, a rather ubiquitous African plant, was 
associated with high Cu soils and tolerated up to 15*000 
ppm Cu and 5*000 ppm Ni. B. homblei also grew in soil con­
taining only trace quantities of the heavy metals (Howard- 
Williams, 1971). Cu inhibited green algae at 1x10”^ M, a 
Pseudomonas at 5x10“^ II, Ferrobacillus at 0.2 M, and some fungi 
at 1.0 M Cu (Sadler and Trudinger, 196?). Certain yeasts can 
bind up to 16 per cent of their dry weight as heavy metals.
Avakyan (1967) studied the toxicity of heavy metals on 
microorganisms grown on synthetic media lacking the more 
potent metal-complexing agents such as di- and tri-carboxylic 
acids, and amino acids. The synthetic media contained gly- 
gerol, K2HP0^ and KH2?04 , MgSO^ and (NH4)2S04 , NaCl, glucose, 
and ethanol. The components were varied to the specific 
needs of the individual bacterium. Ag was most toxic, 
followed by Hg, Co, Ni, and Cd. The order of tolerance was 
yeast > Serratia Pseudomonas > Azotobacter >Escherichia coli.
Den Dooren de Jong (1971) studied the effect of 51
different inorganic salts on the growth of three Azotobacter
-di­strains at a concentration of 10 M for each. Co and Ni
salts had a higher toxicity then Zn or Cu salts. The toxicity
for many of the heavy metals was similar in order and concen­
trations to that of the alga, Chlorella vulgaris (Den Dooren
8de Jong, 1965).
Among bacteria, the greatest heavy metal tolerance is 
exhibited by the chemolithotrophic Thiobacillus ferrooxidans 
(Ferrobacillus ferrooxidans). This organism is associated 
with acid mine drainage accompanied by high heavy metal con­
centrations. Tuovinen, Niemela, and Gyllenberg (1971) indicated 
that during iron oxidation T. ferrooxidans was able to tole­
rate concentrations of Zn, Ni, Cu, Co, Mn, and A1 in excess of 
10,000 mg/liter. However, during thiosulfate oxidation the 
tolerance wa3 greatly reduced. Ni was approximately 100 
times more toxic and Cd was 2,000 times more toxic. One 
explanation was that the adaptation of a membrane-associated 
enzyme system for ferrous iron oxidation may have conferred 
metal-ion protection on the bacterial cell. Additional re­
ferences on heavy metal tolerances of various microorganisms 
are cited by Wirsen (1966), Sadler and Trudinger (1967), and 
Cobet (1968).
The Arthrobacters
The earliest isolation of Arthrobacter-like cells (coc- 
coid soil forms) has been attributed by Veldkamp (1965) to 
Winogradsky who in 1924 proposed a classification of soil 
microorganisms based on functional and morphological charac­
teristics. The two major soil groups were the zymogenous 
and autochthonous microflora. Winogradsky's coccoid soil 
forms belonged to the latter group.
A technique for the specific isolation of Arthrobacter
9has been described by Mulder and Antheunisse (1963)* In­
itial isolation on a low-level nutrient medium is followed 
by purification of the coccoid cells on a richer agar medium. 
Those cells which developed into a rod form during logarith­
mic growth were considered to be Arthrobacter and/or soil 
Coryneforms.
Arthrobacter are ubiquitous and in appreciable numbers 
not only in the soil (Mulder and Artheunisse, 1963) and 
coastal waters (Siebuhth, 1967) but have also been isolated 
from rocks, plants, fish, cheese, milk, poultry, eggs, and 
meat (Veldkamp, 1970)*
The Arthrobacter are also capable of pigment production 
in nature. The accumulation of discolored water deposits 
in water mains is dominated by the genus Arthrobacter and 
its close relatives (Victoreen, 1969). A deep blue water- 
soluble pigment is produced by A. polychromogenes on Nutri­
ent Agar or in Nutrient Broth (Knackmuss, Cosens, and Starr, 
1968). The isolated pigment fraction contained complexed 
Zn, Cu, and Ni in a ratio of 10:3:1.
Coler and Gunner (1969) examined a varity of soil and 
water bacteria including E. coli. Aerobacter aerogenes and 
a few Arthrobacter sp., for resistance to protozoan grazing. 
E. coli and A. aerogenes. but not the Arthrobacter sp., sup­
ported a flourishing protozoan population. A toxic cyto­
plasmic principle in the Arthrobacter coupled with low nut­
ritive value was considered responsible for the survival of 
Arthrobacter in the presence of the protozoa. The high
10
nutritive value and the lack of defensive mechanisms explained 
the rapid disappearance of coliforms from soil and water.
This viewpoint was supported by Mitchell (1971) who 
recorded the rapid destruction of E. coli in competition with 
native microhial populations. Although E. coli survived in 
sterile freshwater, seawater, or soil, inoculation into exist­
ing natural microbial communities resulted in a rapid bac­
terial predation response from Bdellovibrio bacteriovorus, 
and an amoeba from the genus Vexillifera.
A number of Arthrobacter withstand moderate temperature 
fluctuations without adverse effects upon growth. Sieburth 
(1968) described an Arthrobacter (strain 33-T-05) which 
altered its life cycle in response to temperature shifts, 
existing in a myceloid form below 20 C, a coccoid form above 
20 C and a corynform stage above 26 C. An inverse relation­
ship between the number of Pseudomonad and Arthrobacter 
occurred during the late winter and spring in coastal water.
The Arthrobacter are resistant to drying, a character­
istic which is particularly useful to bacteria living in or 
on soil surfaces (Veldkamp, 1970). A survival study of 
Pseudomonus and Arthrobacter in sterile soil indicated that 
Arthrobacter was much less affected by drying (Robinson, 
Salonius and Chase, 1965).
Cameron and Conrow (1971) attempted to find the life 
form most likely to exist in cold Martian desert soil.
They exposed Antarctic desert soil bacteria to a continuous
_h
medium-high vacuum of 10 ' to 10 torr at temperatures
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ranging from -50 to +30 C for a period of four years.
Survival decreased with an increase in temperature. Three 
hacteria/g survived at room temperature; 500 hacteria/g 
survived at -50 C. Coryneforms represented 90 per cent of 
the survivors which also included an Arthrobacter sp. and 
a Micrococcus sp.
Spherical and rod-shaped cells of A. crystallopoietes, 
harvested during exponential growth were subjected to total 
starvation for periods of time as long as 80 days (Boylen 
and Ensign, 1970). Cells of A. crystallopoietes were able 
to survive starvation at least 20 times that of any other 
organism tested. The long-term survival of A. crystallopoie- 
tes was attributed to a low level of autodegradation which 
supplied energy close to the minimal amount required for 
maintenance of a starving cell in a viable state.
A review of the saprophytic coryneform bacteria which 
includes Corynebacterium, Cellulomonas, Microbacterium, 
Arthrobacter, Brevibacterium, Mycobacterium, and Nocardia, 
has been published recently by Veldkamp (1970).
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IH, MATERIALS AMD METHODS
Organisms
Arthrobacter marinus was isolated from seawater from 
Woods Hole harbor (Wirsen, 1966) and identified by Cobet, 
Wirsen, and Jones (1970),
Two additional Arthrobacter species, A. globiformis 
(ATCC #8010) and A. crystallopoietes (ATCC #15481) were 
obtained from the American Type Culture Collection, Rock­
ville, Md. A. marinus is now available as ATCC #25374.
A. marinus was maintained on Nutrient Agar slants 
(Fisher) supplemented with a basal salts solution as indicated 
below under Media and Culture Conditions, A. globiformis 
and A. crystallopoietes were maintained on Nutrient Agar 
slants (Fisher), Cultures were transferred every 6-8 weeks, 
incubated-tat ambient temperatures overnight, and stored at 
4 C.
Other bacterial cultures mentioned in the text were ob­
tained from stock culture collections in the Department of 
Microbiology, University of New Hampshire, Durham, N.H..
Media and Culture Conditions
The basal medium used for most experiments had the 
following composition: peptone (Fisher) 0*5 Si yeast extract 
(Fisher) 0.5 g; basal salts solution to 1000 ml. The basal 
salts solution had the following composition: NaCl (Fisher) 
0.25 M; KCli (Fisher) 0.01 M; and MgCl^ (Fisher) 0.03 M.
The final pH of the medium was adjusted to 7*8-8,0 with NaOH, 
In some experiments Nutrient Broth or Agar (Fisher)
13
was supplemented with the basal salts solution and pH 
adjusted to 7,8-8.0 with NaOH.
Sterilization was accomplished by autoclaving at 121 C 
for 15 min. Flasks were stoppered with non-absorbant cotton 
plugs wrapped in gauze pads.
The inoculum for growth experiments was obtained from 
cultures in logarithmic growth. Cell concentrations were 
determined by plotting cell numbers versus Klett units. At 
a desired density, depending on the experiment, cells were 
removed, washed, adjusted for concentration, and promptly 
utilized.
Optical density (OD) measurements were determined using 
matched standard half-inch Bausch and I>omb tubes in a Spec- 
tronic 20 colorimeter at 420 nm. In addition, OD measure­
ments were performed using standard Klett tubes in the Klett- 
Summerson colorimeter employing a #42 filter.
Broth cultures were incubated with agitation at the 
desired temperature either in a Psychrotherm Environmental 
Incubator, model G-26 (New Brunswick) or on a gyrotory 
shaker, model V (New Brunswick) at ambient temperatures. 
Glassware
Glassware was soaked initially overnight in a sulfuria- 
nitric acid bath (1:1), followed by multiple rinses in dis­
tilled water and at least two additional rinses in double 
distilled water.
Generally, glassware was washed in a Heinicke glassware 
washer employing distilled water rinses.
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Photomicrography
Photomicrographs were taken with a Reichert camera 
attached to a Zeiss WL Research Microscope (Carl Zeiss).
The cells were prepared as wet mounts and observed using 
phase contrast microscopy. Photomicrographs were prepared 
with Kodak Panatomic X film.
Ketodeoxyoctulosonate (KDO) Determination
Cultures of E. coli B-27, A. marinus, A. globiformis, 
and A. crystallopoietes were grown overnight on Nutrient Agar 
plates. Whole cells were harvested from the plates after a 
5 min soaking period in 4 ml of 0.85 per cent NaCl, placed 
in 50 ml plastic centrifuge tubes, washed three times in 0.85 
per cent NaCl, and resuspended in 5 ml of 0.85 per cent NaCl. 
The cells were broken in a Nossal disintergrator using acid- 
cleaned glass beads. All suspensions were examined by phase 
microscopy for completeness of disintegration. Whole cells 
were removed by centrifugation at 1475 x g for 20 min at 4 C. 
The resulting cloudy supernatants were centrifuged at 14,500 
x g for 20 min at 4 C. Crude envelope and wall preparations 
were lyophilized and stored at -5 0 until analyzed. S. aureus 
245 walls were obtained from Isaac Wamola, Department of Mic­
robiology, University of New Hampshire.
The lyophilized cell wall and envelope preparations were 
weighed, hydrolyzed, and analyzed for KDO content by the 
method of Ellwood (1970).
Effects of Spermidine, Putreseine, and Perrichrome
The basal medium was dispensed in 100 ml lots in 25-250 
ml cotton-stoppered Erlenmeyer flasks. Concentrations of
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2 x 10"4, 3 x 10”4 , 4 x 10~4 and 5 x 10"4 M NiCl2 were prepared
in five fold replication. After the flasks were autoclaved
at 121 C for 13 min, spermidine, (A grade, Calbiochem) was
added as a filter sterilized solution (Swiney filter apparatus)
in concentrations of 1 x 10“^, 1 x 10”4 , 1 x 10”^, and 2 x 10”^
M. Controls without spermidine or Ni were included.
The basal salts medium was dispensed in 100 ml lots in
20*250 ml cotton-stoppered Erlenmeyer flasks. Concentrations
of 1 x 10"4 , 5 x 10“4 , and 6 x 10”4 M NiCl2 were prepared in
five fold replication. Futrescine (Calbiochem) was added to
—5 .4
each series at concentrations of 1 x 10 , 1 x 10 , 1 x 10 J
_p
and 1 x 10 M. Controls without Ni or putrescine were included.
The basal salts medium was dispensed in 100 ml lots in 
25*250 ml cotton-stoppered Erlenmeyer flasks. Concentrations 
of 1 x 10”4 , 5 x 10“4, 5 x 10"4 and 7 x 10“4 M NiCl2 were 
prepared in five fold replication. Crystallized (IX) ferrichrome 
provided by J.B. Neilands, University of California at Berkeley, 
was added prior to autoclaving in concentrations of 1.71* 17*1» 
171 and 1710 ng/ml. Controls without ferrichrome or Ni were 
included.
Chromatography of Diaminopimelic Acid (DAP)
Detection of DAP isomers in hydrolyzed walls of A. marinus 
was determined by the method of Rbuland et «1 (1955)*
Cell envelope preparations of normal and Ni-stressed 
cells of A. marinus were hydrolyzed in 6 N HC1 containing 1 
drop of hydrazine per tube for 18 hr at 105 C in vacuo. The 
hydrolyzate was filtered through sintered glass (pyrex M) to
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remove insoluble material. The samples and the standard 
DAFC K and K Labs.) were examined by descending paper chromato­
graphy (598 YD-C, Schleicher and Schuell) in a solvent system 
consisting of methanol, water, pyridine and 10 N HC1 (32:7:4-: 1), 
Chromatograms were dried and stained with 0.1 per cent w/v 
ninhydrin (fisher) in acetone (Fisher). DAP isomers were 
detectible as bright olive green spots from which Rfs were 
determined.
Preparation of Cell Envelope
Cell envelopes of A. marinus were prepared by a modifica­
tion of the method of DeVoe and Oginaky (1969).
Cells were shaken overnight at 150 rpm in basal medium 
at ambient temperatures. A portion was removed for dry weight 
determination, OS measurements, and wet mounts. Cultures 
were centrifuged for 10 min at 16300 X g at 5 C. The cell 
pellet was resuspended in basal salts solution, and washed by 
centrifugation for 10 min at 14-500 X g at 5 C. The washed cells 
were suspended in a small volume of basal salts solution and 
placed in a Nossal disintegrator tube two-thirds full of acid- 
cleaned glass beads. Shaking was in 20 second bursts followed 
by immersion in an ice bath (2-5 min). This procedure was 
repeated until examination by phase microscopy revealed 90 - 
93 per cent broken cells. The glass beads were allowed to 
settle and the supernatant was removed to a plastic centrifuge 
tube. The suspension was centrifuged at 14-75 X g for 20 min to 
remove unbroken cells. The cloudy supernatant was centrifuged 
for 20 min at 14-500 X g at 5 C, washed in 10 ml of the basal
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salts solution, and lyophilized. This represented crude envel­
opes.
A weighed amount of the crude envelope preparation was 
transferred to a 100 ml dilution bottle containing 60 ml of 
a buffered enzyme solution having the following composition:
0.25 M tris, pH 7.8, (Fisher); 0.05 P®r cent, trypsin (Worth­
ington); 0.05 per cent RNase (Worthington) and 0.005 per cent 
DNase (Calbiochem) in 1000 ml basal salts solution. Small 
clumps of envelope material were broken apart by rapid expulsion 
of the mixture through a 10 ml syringe and a 20 gauge needle.
The solution was allowed to incubate at ambient temperatures 
for 2-8 hr and centrifuged at 14500 X g for 20 min. The pellet
was lyophilized and stored at -20 C.
Amino Acid Analysis
Hydrolysis of cell envelope preparations was by the 
method of Hill (1965)* Ten-one hundred mg of cell envelope 
was added to an acid-cleaned test tube previously heated 
and drawn-down to a small opening. Five ml of 6 N redistilled
HC1 (for 50 mg or less of cell envelope) or 10 ml of 6 N re­
distilled HC1 (for 50 mg or more of cell envelope) was added 
to the tube. One drop of hydrazine-HCl was also added to each 
tube. All tubes were heat-sealed under vacuum. Sealed tubes 
were incubated at 110 C for 24-56 hr.
The hydrolyzates were filtered over sintered-glass to 
remove insoluble materials, the filters were washed twice with 
10 ml of distilled water, the filtrate plus washern placed in 
an acid-cleaned flask, and dried in air over HaOH.
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For amino acid analyses, 4 ml of 0.2 M sodium citrate 
buffer, pH 2.2, was added to each tube and the amino acid 
composition determined on 0.5 ml samples in a Beckman Model 
120 C amino acid analyzer. These analyses were performed in 
the laboratory of Dr. G. Klippenstein of the Department of 
Biochemistry.
Polyacrylamide Gel Electrophoresis.
Polyacrylamide gel electrophoresis was performed using 
10 per cent acrylamide in glass tubes 75 x 6.0 mm (Weber and 
Osborn, 1969). Lyophilized samples (3-10 mg/ml) of cell enve­
lopes, cytoplasmic contents, and 200 ml spent medium were dis­
solved in 0.01 M sodium phosphate buffer (pH 7-0) containing 
1 per cent sodium lauryl sulfate (Fisher) and 1 per cent 
B-mercaptoethanol (Eastman). Prior to,electrophoresis, (Can- 
alco Model 1200), glycerol (3 drops/ml solvent buffer) was 
added and the solubilized sample (30-50 ul) applied to the 
top of the gels (Grula and Savoy, 1971)- The marker dye was 
Buffalo Black NBR (Allied Chemical) in glycerol. Electrophore 
sis was performed at a constant current of 6.0 mA/ tube for 
6-8 hr.
Staining was accomplished with Coomassie Blue (1.25 g in 
454 ml of 50 per cent methanol and 46 ml of glacial acetic 
acid). Destaining was accomplished at 37 0 on a reciprocal 
shaking machine employing multiple changes of the destaining 
solution (75 ml of acetic acid, 50 ml of methanol and 875 ml 
of water).
The gels were compounded using acrylamide (Canalco),
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N,N-methlenebisacrylamide (Canalco), ammonium persulfate 
(Canalco), and N,N,N,N, tetramethyl EDTA (Eastman).
The molecular weight standards, cytochrome C, myoglobin, 
chymotrypsin, ovalbumin, and bovine albumin, were from Mann 
Research Laboratories. The density of stained bands was 
determined with a Canalco Model K densitometer (Canalco).
Two radioactive isotopes, ^ C  L-lysine (Schwartz) and 
^  Ni (New England Nuclear) were added to growing cultures of 
A* SSEiSHS.* Tho resultant labeled envelopes were subjected 
to electrophoresis. In some cases the radioactive gels were 
sliced into 1.0 mm sections with razor blades. Each section 
was placed in a clean scintillation vial (New England Nuclear) 
and two drops (0.1 ml) of 30 per cent ^2^2 (Fisher) added.
The vials were held at 55 C in a drying oven for 8 hr or until 
the slices were solvated. Ten ml of aquasol (New England 
Nuclear) was added to each vial prior to counting in a liquid 
scintillation spectrometer (Packard Tri Carb., Model 3320). 
Plasmolvzing and Deplasmolvzing Agents.
The ability of various Na salts and metallic salts to 
affect plasmolysis or deplasmolysis of Ni-stressed cells of 
A. marinus was investigated. Cells of A. marinus were grown 
to a plasmolyzed state in basal medium supplemented with
•mil.
3x10 M NiCl2 and washed in a basal salts solution devoid 
of NiCl2« Washed cells were examined by phase microscopy for 
retention of the plasmolyzed state and labeled as sensitized 
cells. Cells were resuspended in basal salts to an OD of 
0.3 at 420 no in a Spectronlc 20 colorimeter. One drop of
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the sensitized cell suspension was placed on a clean glass 
slide and a coverslip placed over the drop, lowering one 
side first to prevent entrapping air bubbles. Excess material 
was absorbed with a clean Kimwipe (Kimberly-Clark). One drop 
of the solution to be tested was placed next to, but not 
touching, the coverslip. The cells were located using 1000 X 
magnification. The drop of solution to be tested was placed 
in contact with the sensitized cells by gently connecting the 
solution to the coverslip with a thin wire needle. Alterations 
of the sensitized cells were observed and recorded as no 
change, deplasmolysis, or increased plasmolysis.
A second mode of testing was designated as the tube test. 
In the tube test, 0.1 ml of freshly washed sensitized cells 
was placed in each of four Kahn tubes. Additionally, 0.1 ml 
of the solution to be tested was added to each of three of 
the above tubes. The fourth tube served as a control. All 
tubes were mixed gently by hand and allowed to stand for 3 
min. A drop of the mixture was placed on a clean glass slide, 
compared to the untreated control cells, and recorded as no 
change, deplasmolysis, or increased plasmolysis.
Scanning Electron Microscopy
Three cultural conditions of A. marinus were studied:
(a) cells grown in basal medium at 23 0 for 7 hr (mid-log);
(b) cells grown in basal medium with 4x10”^ M NiC^ at 23 0 
for 3 hr; and (c) cells grown in basal medium with 4x10"*^ M 
NiC^ at 23 C for 14 hr or more. Samples from each flask were 
fixed in 0.3 per cent redistilled glutaraldehyde (Eastman)
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and washed twice in 5 ml of a dilute (1:100) basal salts solu-
2
tion. The fixed cells were placed on clean 22 mm glass 
coverslips, air dried, and stored over anhydrous CaSO^ at -25 
C under vacuum* The dried specimens were brought to Dr. V. 
Peters of the Woods Hole Oceanographic Institute, Woods Hole, 
Massachusetts for plating (Pd-Au 40:60) and microscopy using 
a JEOLCO JSM U-l scanning electron microscope. Pictures were 
taken with a Polaroid camera attached directly to the scanning 
electron microscope. The specimens were also observed using 
a JSM U-3 scanning electron microscope at JEOLCO Inc., Medford, 
Massachusetts.
Dispersive and Non-Dispersive X-Ray Analysis
An x-ray spectrometer attached to the scanning electron 
microscope permitted the analysis pf elements from Mg 
(Atm no 12) to U (Atm no 92) in biological specimens.
Utilizing the fixation procedures as described under Scanning 
Electron Microscopy, cells were examined at JE0I/30 Inc., 
Medford, Mass. A JXA-5 Electron Probe X-ray Microanalyzer 
(Nuclear Diodes) was used for quantitative elemental analysis. 
Freeze-etching
Normal (mid-log) cells of A. marinus and Ni-stressed 
(14-24 hr at 4x10”^ M NiClg) cells were submitted to DfciiiCis 
C. Remaen, Woods Hole, Massachusetts for freeze-etching 
(Remsen, 1966).
Environmental Studies
Seawater samples were obtained using Cobet bacteriological 
water samplers (Jones,1968). The samples were transferred
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immediately upon return to the surface from depths up to 200 
meters into sterile milk dilution bottles and 25 ml of sea­
water were passed through 0.4-5 um membrane filters (Millipore). 
Six separate samples were obtained from each milk dilution 
bottle. The membrane filters were placed directly on six 
separate Marine Nutrient Agar (Fisher) plates supplemented 
with lxlO-5, lxlO”4 , IxlO-5, 5xlO-5 and IxlO-2 M NiCl2 (Fish­
er). A control plate without NiCl2 was also used. The Marine 
Nutrient Agar medium was prepared with synthetic seawater ad­
justed to a salinity of 26- 1 ppt (layman and Fleming, 194-0).
In the open ocean, samples were obtained from surface, 25»
50, 75» 100, and 200 meters with 6 treatments for each depth. 
The sampling procedure was completed in less than one hr.
The membrane filters on the Marine Nutrient Agar medium were 
incubated at temperatures approximating the in situ tempera­
ture of the sampling area. Colonies developing on the membrane 
filters were counted every other day for periods up to 6 weeks 
until maximum populations were attained.
Open ocean samples were taken at 7 stations bordering 
on the northern edge of the Gulf Stream approximately 550 
miles east of the New Jersey coast and 4-00 miles south of 
Woods Hole, Massachusetts on January 20 through January 26, 
1971* from aboard the R/V KNORR of the Woods Hole Oceanographic 
Institution. Coastal water samples were collected using the 
R/V JERE A. CHASE at 4- stations approximately 8 miles and no 
closer than 4- miles from the New Hampshire coast near the 
Isles of Shoals on March 51, 1971. Estuarine water samples
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were collected from 4- stations using the R/V JERE A. CHASE 
in the Great Bay - Little Bay estuarine complex on the 
southeastern coast of New Hampshire on April 12, 1971*
Temperature was monitored continuously for the upper 
200 meters of open ocean seawater by direct recorder readings 
■of XBTs. Salinity determination for open ocean seawater 
were obtained from Dr, Gordon H. Volkmann of the Woods Hole 
Oceanographic Institution, Coastal and estuarine salinity 
determinations were determined by titration (Strickland and 
Parsons, 1968) at the Jackson Estuarine Laboratory,
24
IV. RESULTS
Modification of Salta Used in Basal Medium
A relationship was established by Cobet (1968) between 
the amount of organic matter contained per liter of synthetic 
seawater and the amount of NiCl^ necessary to achieve cell­
ular toxicity. As the nutrient concentration increased in 
the basal medium more NiC^ was required to affect the growth 
of A. marinus.
In this dissertation a basal salts solution consisting 
of three added cations (Na, K, and Mg) was used in the media 
instead of the synthetic seawater (Iyman and Fleming, 1940) 
consisting of five cations (Na, K, Mg, Ca, and Sr) as used 
by Cobet (1968). In order to determine if the composition 
of the basal salts in the basal medium affected the concen­
tration of NiC^ necessary to influence A. marinus adversely, 
the following experiments were performed*
The organic nutrients were prepared at concentrations 
of 0.5, 1.0, and 2.0 times that of the basal medium. NiClg 
concentrations of lxlO”^, 2x10"^, 3x10"^, 4x10“^ and 5*10”^
M were added to each set of basal medium concentrations.
The converse experiments in which the basal salts solution 
was prepared at 0.5, 1*0, and 2.0 times normal concentrations, 
while the organic nutrients were held constant, was also 
performed. After inoculating these media with A. marinus. 
the flasks were incubated at ambient temperatures until 
maximum turbidity was attained. The maximum OD and the 
time at which it was reached is presented in Table 1.
TABLE 1. Effect of organic nutrients and basal salts on the ability of A, marinus 
to grow in the presence of Ni supplements “
Ni supplement, 
M

























none 24 0.300 24 0.500 24 0.750 24 0.4-75 24 0.600 24 0.600
1 X 10 144 0.200 24- 0.390 24 077^0 24 0.365 24 0.560 24 0.570
2 x 10"4 144 NGd 24 0.380 24 0.670 4-8 0 .220 24 0.360 24 0.290
3 x 10”4 144 NG 24 0 .300 24 0.740 96 0.040 24 0 .210 96 0.280
4 x 10“4 144 NG 24 0 .300 24 0 .580 144 NG 120 0.060 96 0.210
5 x 10"4 144 NG 24 0 .270 144 NG 144 NG 144 N&
a Organic nutrients refers to the basal medium as described in Material and Methods, 
b Basal salts composition as described in Material and Methods, 





When the organic nutrient concentration of the basal
medium was doubled, higher OD readings resulted. The highest
OD (0.750) occurred at 2.0 times the nutrient level in the
absence of NiC^. ’When the concentration of the organic
nutrients in the basal medium was halved, a decrease in the
maximum OD attained in the control flasks lacking NiCl^ was
observed. A lag period was evident at 1x10 M NiC^ where
the maximum OD was attained at 144 hr (0.200). No growth
was evident at the termination of the experiment (144 hr) for
-4NiC^ concentrations of 2x10 M or higher. Thus, the
nutrient concentration in the basal medium has a marked effect
on the concentration of NiC^ necessary to achieve cellular
toxicity for A. marinus.
When the concentration of the basal salts solution was
doubled no effect on the maximum OD was observed in the
control flasks lacking NiCl^ (Table 1). However, a growth
-4differential occurred at 4x10 M NiC^, in that, the maximum 
OD was obtained at 96 hr and was higher than that of the 1.0X 
concentration of the basal salts. When the concentration of 
the basal salt solution was halved, there was a decrease in
the maximum OD attained in all treatments.
In conclusion, it was shown that any increase or 
decrease in the organic nutrient concentration of the basal 
medium has a much greater effect on NiC^ toxicity than a 
similar shift in the concentration of the basal salts.
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The present study was compared to that of Cobet (1968).
The relationship of organic matter to Ni in the basal medium 
was not altered significantly by the substitution of a basal 
salts solution for synthetic seawater.
Tolerance of related terrestrial species for Ni ions
"All coryneform bacteria have in common that, during 
log phase growth irregularly shaped cells are formed al­
though the extent of this pleomorphy may vary widely among 
coryneforms" (Veldkamp, 1970). A growth cycle was particu­
larly evident in the genus Arthrobacter where, in complex 
media, nearly all rods were replaced by coccoid cells as 
the culture entered stationary phase (Ensign and Wolfe, 1964). 
A. marinus exhibited a coryneform growth pattern on complex 
media and abnormal growth in the presence of increasing 
molarities of NiC^ (Cobet, Wirsen, and Jones, 1970). An 
oligodynamic effect, whereby a mild stimulation of growth 
occurred at a concentration of NiC^ slightly lower than 
the toxic level, was observed in A. marinus (Cobet, 1968).
Increasing concentrations of NiC^ from 1x10 
through lxlO-^ M were added to Nutrient Broth to determine 
growth-stimulating and growth-limiting concentrations for 
each of five related organisms: Nocardia corallina, Coryne- 
bacterium dinhtheriae. Corynebacterium pseudodiphtheriae,
A. crystallopoietes, and A. globiformis. The inoculated 
cultures were observed by phase microscopy for 48 hr.
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A. crystallopoietes and £. pseudodiphtheriae were
stimulated simularly to A. marinus at a concentration of
1x10”  ^M NiC^ in Nutrient Broth (Table 2). The range of
NiC^ tolerance for the five cultures was variable with a 
-4low of 8x10 M NiC^ for growth inhibition of N. corallina
to a high of 1x10 M ^or Srow^^ inhibition of A.
marinus. No attempt was made to correlate growth rates of
the different strains with the inhibitory action of NiC^
in the Nutrient Broth media.
A slight swelling or cell thickening process was noted
-4with cells of N. corallina exposed to 6x10 M NiC^, and 
cells of £. diphtheriae exposed to 1x10”  ^M NiC^ (Table 
3). However, no unusual morphological changes such as 
those recorded for A. marinus were observed in the five 
other bacterial cultures at or near growth-limiting con­
centrations of NiC^. The tolerance of the marine Arthro­
bacter for Ni exceeded that of all the other cultures 
tested.
Whole Cell Characteristic of A. marinus Under Ni Stress
The effect of various substances on the formation of 
megalomorphic cells of A. marinus was investigated. These 
substances included salts, chloramphenicol, putrescine, 
spermidine, and ferrichrome. The megalomorphic cells were 
examined under the electron microscope for specific affects 
of Ni on various cell wall layers.
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TABLE 2. Effect of Ni supplement on bacterial
species related to the genus Arthrobacter8
Bacterial cultures Stimulation*3
Ni supplement, M 
Growth0 Inhibition^
N. corallina none 6xl0“4 8xl0“4
C. diphtheriae none 2xlO"5 5x10”3
C. pseudodiphtheriae slight 2x10”5 5x10“3
A. crystallopoietes moderate -47x10 IxlO"3
A. globiformis none IxlO"3 5xlO“3
A. marinuse slight 5xlO-3 IxlO"2
a Cultures were grown at 25 C in Nutrient Broth
supplemented with NiCl^.
b Stimulation indicated a relative increase in the 
maximum OD from cultures supplemented with IxlO-3 M N i C ^  
when compared to an untreated control.
c Indicated the highest concentration of N i C ^  which 
demonstrated turbidity at 48 hr when compared to a sterile 
control.
d Indicated the concentration of N i C ^  which prevented 
growth (turbidity) for 144 hr.
e Fifty per cent Lyman and Fleming (194-0) synthetic 
seawater substituted for distilled water in Nutrient Broth.
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TABLE 3. Effects of Ni on the morphology of bacterial 
species related to the genus Arthrobactera




N. corallina 6xl0”4 +— no
C. diphtheriae IxlO"5 +- no
C. pseudodipheriae IxlO”5 - no
A. crystallopoietes 7x10 - no
A. globiformis 1x10”^ - no
A. marinus^ 1x10“^ ++ yes
a Cultures were grown at 25C in Nutrient Broth supplemented
with NiCl2.
b No change (-), slight cellular thickening (+-), megal- 
omorph formation C++).
c Megalomorph formation, a large (10-25 um) plasmolyzed 
cell as described by Cobet, 1968.
d Fifty per cent Lyman and Fleming (1940) synthetic sea­
water substituted for distilled water in Nutrient Broth.
31
Effect of Salta on Sensitized Cells of A. marinus
Dilution of the ionic strength of a cell plasmolyzed 
by Ni stress, as observed on a coverslip under phase mic­
roscopy, indicated rapid deplasmolysis. Thus, a method 
was provided to determine the deplasmolyzing or plasmolyz- 
ing capacity of a number of organic and mineral salts.
The ability of various Na salts to affect plasmolysis 
of sensitized cells of A. marinus are presented in Table A. 
At a concentration of 0.1 M no change in plasmolysis was 
noted for any of the inorganic Na salts, (Na2MoO^, NagWO^, 
Na2S0^, Na2S20j, NaNOg, NaClO^); the organic Na salts, 
(HCOONa, CH^COONa, Na^CgHjOrj); or the halogens, (NaF, NaBr, 
NaCl). However, NaF caused extensive lysis of all the cells 
at every concentration tested. At a concentration of 0.5 
M, all the Na salts with the exception of NaF caused an 
increase in plasmolysis as compared to the normal cells.
The same result was observed at concentrations of 1.0 M.
Since a number of Na salts affected the sensitized 
cells to the same degree, it was of interest to examine the 
effect of other metallic salts. Table 5 shows the results 
of NaCl, KC1, MgCl2, CaC^, SrClg (the major cations 
found in natural seawater) and NiCl2 « The metal salts 
indicated the same degree of plasmolysis as the Na salts 
at the same ionic strength (0.5 H).
The fact that a number of mono, di, and tri-Na salts 
and various metallic salts are capable of producing the 
same degree of plasmolysis in a sensitized cell indicating
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TABLE 4. Ability of sodium salts to affect





Na2MoO^ NCb plasmolysis plasmolysis
Na2W04 NC plasmolysis plasmolysis
Na2S04 NC plasmolysis plasmolysis
Na2S2°3 NC plasmolysis plasmolysis
NaN02 NC plasmolysis plasmolysis
NaClO^ NC plasmolysis plasmolysis
Halogens
NaF lysis lysis lysis
NaBr NC plasmolysis plasmolysis
NaCl NC plasmolysis plasmolysis
Organics
HCOONa NC plasmolysis plasmolysis
CHjCOONa NC plasmolysis plasmolysis
Na5C6H3°7 NC plasmolysis plasmolysis
a Sensitized cells as described in Material and Methods 
b No change.
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TABLE 5* Ability of metallic salts to affect










XC1 NO NC plasmolysis plasmolysis
wgci2 NO NC plasmolysis plasmolysis
CaCl2 NC NC plasmolysis plasmolysis
SrCl2 NO NC plasmolysis plasmolysis
NiCl2 NC NC plasmolysis plasmolysis
a Sensitized cells as described in Material and Methods, 
b No change.
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that the cell was functioning effectively as an osmometer 
responding to changes in the external ionic strength of the 
suspending liquid (basal Balts solution).
Phase microscopy revealed the nature of the sensitized 
control cells (Pig. 1 A and C). Subsequent plasmolysis by 
various plasmolyzing agents is shown in (Pig. 1 B and D).
When sensitized cells were furthur plasmolyzed no reversal 
of vacuolation was observed. However, under phase micro­
scopy the vacuole initially present in the sensitized 
cell rapidly filled upon deplasmolysis by various substance 
such as 10 ,per cent dextran, EDTA, amino acids, and formal­
dehyde. During this process the phase brightness created 
by vacuolation was lost and the plasma membrane apparently 
returned to the vicinity of the cell wall although definite 
attachment could not be confirmed. In some instances 
when the ionic strength of the suspending solution was 
altered by a non-ionic or ion chelating solution (deplas­
molysis), the vacuole rapidly emptied and filled two or 
more times in the same cell within seconds.
Size and Morphology of A. marinus as Influenced by Chloram­
phenicol.
The ability of Ni to interrupt cell division and dis­
turb the normal morphological appearance of the cell may 
be related directly or indirectly to protein synthesis.
The following experiments were performed to determine if
A. marinus was capable of forming megalomorphic cells in 
the presence of added Ni but in the absence of protein synthesis.
Fig. 1. Phase microscopy of A. marinus sensitized cells.
A. and C. Sensitized control cells, 1200X.
B. and D. Plasmolyzed cells, 1200X.
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Cells were allowed to grow In basal medium for 5 hr to 
a mid-log phase whereupon 100 ug/ml chloramphenicol was added 
to stop protein synthesis. After 2 min and 10 min, 4x10 M 
NiCl2 was added to separate flasks. Cells were observed by 
phase microscopy upon addition of the NiClg and 24 hr later. 
Experiments in which the NiCl2 was added first followed at 
10 to 60 min by chloramphenicol were also conducted. Cell 
size was determined under phase microscopy and at least 100 
cells were observed for plasmolysis (megalomorph formation).
Average diameter and the morphological appearance of
the cells are presented in Table 6. Cells treated with
chloramphenicol exhibited a slight thickening effect. Cells
treated with NiCl2 only, formed approximately 95 per cent
megalomorphs as expected. If 100 ug/ml chloramphenicol was
added to the mid-log phase cells prior to the addition of
4x10”^ M UiCl2, a concentration sufficient to yield 95 per
cent megalomorphs in a ^  Is period, megalomorphs were not
—4formed. When 4x10 M NiCl2 was added prior to the addition 
of 100 ug/ml chloramphenicol, megalomorph formation proceeded 
to the point where protein synthesis was inhibited, suggesting 
that protein synthesis was necessary for megalomorph formation. 
Effect of Polyamines ; Putrescine and Spermidine on A. marinus
Polyamines may act on bacterial cells by preventing 
osmotic lysis (Mager, 1959); inducing morphogenesis (Witkin 
and Rosenberg, 1970); replacing ribosomal Mg (Weiss and 
Morris, 1970); or by triggering cell division (Inouye and 
Pardee, 1970).
TABLE 6. Size and morphology of A. marinus treated with chloramphenicol 
(CM) and NiCl2
Average diameter (um) Morphology (24 hr)
Treatment 5 hr 24 hr Swelling Megalomorphs®
(%)
None 2.1 x 1.0 1.6 x 1.0 none none
NlCl2t> 5.0 x 1.7 3.1 x 3.1 moderate 95
CM® 2.5 x 1.3 2.5 x 1.5 slight none
CM followed by 
NiCl2 at 2 min 2.3 x 1.3 2.3 x 1.4 slight none
CM followed by 
NiCl2 at 10 min 2.4 x 1.5 2.5 x 1.4 slight none
NiCl2 followed by 
CM at 10 min 2.8 x 1.6 2.4 x 1.5 slight none
NiCl2 followed by 
CM at 60 min 3.7 x 1.6 2.7 x 1.8 slight-moderate 4
a One hundred cells counted.
b Added to the basal medium at a concentration of 4 x 10 M.
c Added to the basal medium at a concentration of 100 miorograms per milliliter.
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The ability of Ni to cause a loss of divisional capa­
bility, abnormal morphogenesis, osmotic regulation, and 
alterations in envelope components in A. marinus. suggested 
an involvement of one or more of the polyamines. Polyamine 
tolerance of A. crystallopoietes, A. globiformis. A. marinus,
S. aureus and E. coli is compared in Table 7* The minimal 
inhibitory concentrations of spermidine and spermine for 
2. coli were calculated from the data of Bachrach and Wein­
stein (1970) to a pH of 7*5, the pH at which Arthrobacter 
tolerance levels were determined. Putrescine was non-toxic 
for the three cultures of Arthrobacter at the'highest con­
centrations tested (10 mg/ml). The tolerance of the members 
of the genus Arthrobacter for spermidine most resembled E. 
coli. The order of tolerance for spermidine was: A. crystal­
lopoietes ^ E. coli >1 A. globiformis }  A. marinus ^ aureus.
_2Putrescine at a concentration of 1x10 M resulted in 
a small change of the maximum OD of A. marinus grown in the 
presence of 1x10”^ and 3x10""^ M NiC^ (Table S). However, 
no sparing of the morphological alterations due to Ni stress 
was observed.
—  c
The addition of spermidine at concentrations of 1x10
-A — 3 — 1L>1x10 , 1x10 , and 2x10  ^M caused a change in the maximum
-4OD of A. marinus grown in the presence of 3x10 M NiCl^ and
_ 2
at spermidine concentrations of 1x10 and 2x10 M for 5x10 
M N1C12 (Table 9)- A sparing effect characterized by diminished 
enlargement of the megalomorphic cell was observed. However, 
spermidine was unable to prevent the formation of the 
plasmolyzed megalomorph.
TABLE 7. Effect of polyamines and a diamine on the growth inhibition 




Staphylococcus aureus NDC i2b 2b
Escherichia coli ND 5100 35b
Arthrobacter crystallopoietes 10000 5300 ND
Arthrobacter globiforms 10000 4-200 ND
Arthrobacter marinus 10000 3600 ND
a Supplemented concentration at which no detectible turbidity was observed in four
replicate tubes of Nutrient Broth, expressed as micrograms per milliliter, 
b Bachrach and Weinstein (1970). 
c Not done.
d Basal salts as described in Materials and Methods added to Nutrient Broth.
TABLE 8. Effect of putrescine on the growth of A. marinus





lxlO*5 1x10'-4 lxlO*5 1x10"-2
hrb OD hr OD hr OD hr OD hr OD
none added 24 0.650 24 0.620 24 0.620 24 0*620 24 0.640
1 x 10“* M 24 0.490 24 0.450 24 0.460 24 0.460 24 0.520
5 x 10** M 48 0.190 48 0-150 48 0.150 48 0.140 48 0*225
6 x 10"* M 144 NGC 144 NG 144 NG 144 NG 144 NG
a growth conditions as described in Material and Methods (25 C). 
b Time of maximum OB and the maximum OD at 420nm. 
c No growth.
TABLE 9. Effect of spermidine on the growth of A. marinus





lxlO-5 lxlO-4 1x10"■5 2xl0”3
hrb OD hr OD hr OD hr OD hr OD
none added 12 0.690 12 0.690 12 0.690 24 0.690 24 0.710
2 x 10-4 24 0.400 24 0.400 24 0.400 24 0.390 24 0.570
3 x 10"4 48 0.145 48 0.280 48 0.300 48 0.220 48 0.290
4 x 10-4 72 0.120 72 0.120 72 0.110 72 0.110 72 0.110
5 x 10"4 48 0.080 48 0.075 48 0.070 48 0.130 48 0.150
a Growth conditions as described in Material and Methods (30 C). 
b Time of maximum OD and the maximum OD at 420 nm.
-p-ru
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The Interaction of Ferrichrome with A. marinus
The ability of Ni to arrest cell division in A. marinus 
may represent a direst involvement with a bacterial "Schizo- 
kinen" (Cobet, 1968), Lankford et al, (1957» 1966) hypothe­
size that all bacterial cells either produce a chelating 
substance necessary for initiating cell division, or have a 
dependence on an exogenous source of the substances (hydrox- 
amic acids) for growth. Within the hydroxamic acids, fer­
richrome is among the most active of the transport agents 
among all microbial cells except the mycobacteria which 
utilize mycobactins (Neilands, 1970- personal communication).
The effect of ferrichrome on megalomorph formation for 
concentrations of NiC^ of 1x10”^, 3x10“^, 5x10“^, and 
7x10 M is presented in Table 10. At the highest concen­
tration of ferrichrome, 1710 ug/ml, an OD effect was observed 
on A. marinus cell densities which was attributed to cell 
thickening rather than an increase in cell numbers. Fer­
richrome at the concentrations tested was unable to prevent 
the morphological alterations of A, marinus caused by NiClg.
Electron Microscopy of A. marinus
Scanning Electron Microscopy
The surface topography of the cells of A. marinus in 
the process of megalomorph formation was observed by the 
technique of scanning electron microscopy. Fixation of 
the oontsfcl cells presented no problems. However, the 
vacuolated megalomorph in the advanced state of enlargement 
could not be preserved as a contoured sphere utilizing
TABLE 10. Effect of ferrichrome on the growth of A. marinus





1.71 17.1 171 1710
hrc OD hr OD hr OD hr OD hr OD
none added 24 0.600 24 0.600 24 0.600 24 0.600 24 0.600
1 x 10“4 24 0.460 24 0.470 24 0.480 24 0.480 24 0.490
3 x 10“4 48 0.125 48 0.125 48 0.200 48 0.130 48 0.180
5 x 10*4 96 0.060 96 0.055 96 0.060 96 0.055 72 0.145
7 x 10*4 144 NGd 144 NG 144 NG 144 NG 144 NG
a Growth conditions as described in Materials and Methods (30C). 
b Expressed as nanograms per milliliter, 




the normal fixation procedures. The megalomorphic cell 
was observed as a flattened disc-like cell with surface 
features intact.
Mid-log cells grown in basal medium, washed and fixed 
in glutaraldehyde, are presented in Fig. 2A. The surface 
topography was unbroken. No rippled or rough edges were 
apparent nor were any globular blebs extruding from the 
surface of the cells. However, most of the cells had a 
thin, loose outer coating directly over the surface of the 
cell which may represent the globular (polysaccharide) 
substances produced in large quantities by this bacterium 
(Fig. 3). Electron dense material extruded from the cell 
clump. The possibility that this material represented an 
artifact rather than a cellular substance was recognized.
A number of rod-shaped cells are evident in Fig. 2A, 
some of which present the typical angular rod-shaped 
structure observed in phase contrast pictures. A number 
of smaller rods are shown as are a few coccoid cells.
When cells of A. marinus under mild Ni stress were 
observed at 7,000x as indicated in Fig. 2B changes in their 
cell structure demonstrated a weakened cell wall. At 
the distal end of the larger rod-shaped cell, complete 
collapse was apparent indicating prior vacuolation. Although 
subsurface layers were not determined with accuracy the 
matted areas correlated with cytoplasmic concentrations 
(Cobet, 1968).
The effects of moderate Ni stress on the cells is in­
dicated in Fig. 2C. The blebs on the cell surface may be
Fig. 2. Scanning electron microscopy of cells of A.
marinus under Ni stress. A- Control cells
(mid-log) grown in basal medium lacking
NiC^ 10,000X. B- Cells grown in basal
—4medium supplemented with 4x10 M NiCl^ for
3-5 hr, 7000X* C- Cells grown in basal
medium supplemented with 4x10 M NiC^ for
14 hr, 10.000X, D- Cells grown in basal




Fig. 5. Scanning electron microscopy of control cells 
of A. marinus. Cells were grown in basal 




artifacts. However, similar globular outcroppings at the 
outer edges of the cells were detected by thin sectioning 
(Cobet et al. 1971)* Once again the cytoplasmic concentra­
tion was discernable in the center of the smaller portion 
of the cell. The smaller irregular bodies outside the cell 
probably represented residual material from the basal medium 
or the basal salts solution after washing. The peritrichous, 
or perhaps more correctly the lophptrichous, nature of A. 
marinus under Ni stress has become prominent.
Under marked Ni stress, A. marinus showed the type 
of formation in Pig. 2D. In this instance, the supporting 
stage was not tilted and this particular photomicrograph 
is a direct overhead view. The degenerative condition of 
the cell wall was indicated by the extreme thinness of the 
cell. On either side of the cell were outlines of cellular 
debris or wall material which may represent products of 
lysis.
The uneven distribution of cytoplasmic, nuclear or 
wall material in the cell presents a lumpy appearance under 
marked Ni stress (Fig. A). A few completely collapsed areas 
gave a pock-marked appearance and probably represent 
vacuolated sections of the cell.
Dispersive and Non-Dispersive X ray Analysis
The attachment of a solid state X-ray spectrometer 
with better than 375/eV resolution to a scanning electron 
microscope made possible the analysis of elements from 
Mg(12) to U(92). The resolution of the microscope (typically
Fig. 4. Scanning electron microscopy of a Nl-stressed
cell of A. marinus. Cells grown in basal




better than 200°A) was unaffected and the image was used 
to position the heam for analysis. Either a complete 
spectral analysis of a point or an area or a line scan 
analysis for a single element can be obtained. The dia­
meter or the excited volume was smaller than in the con­
ventional electron probe microanalyzer; rough surfaces 
can be analyzed since geometry was not important to the 
detector, and the low beam current avoided specimen damage 
(Russ and Kabaya, 1969).
Preparations of Ni-stressed cells which had previously 
been shadowed with Pd - Au (60=4-0) were compared in this 
experiment to the normal cell areas, a complete elemental 
analysis was attempted to determine major or minor ion 
composition.
The amount of Ni in a single cell was less than the 
detectible limits of the microanalyzer (10”^g) as both a 
line scan and an area soan failed to reveal localized Ni 
concentrations.
Point analysis inside a normal cell close to the 
divisional septum and a second point analysis away from 
the plane of division indicated an elemental profile 
similar to a point analysis of background material, contain­
ing Si, K, P, 01, Ti, Cu, and Zn. These elements are a 
normal part of the composition in the glass coverslip on 
which the cells were fixed and the steel holder on which 
the coverslip was mounted.
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The use of a non-dispersive and/or a dispersive 
X-ray spectrometer on the scanning electron microscope 
was incapable of resolving Ni ions within the cell and 
any one elemental constituent in a whole cell preparation. 
Freeze-etching
In the process of freeze-etching cell packs were 
quick frozen in freon-22 and liquid nitrogen. The cell 
pack was cleaved resulting in a number of broken cells and 
revealed a layered picture of the cell. Freeze-etching was 
used to determine if any one layer of the normal cell was 
absent or altered in the megalomorphic cell.
A cell of A. marlnus under moderate Ni stress has 
at least two cell wall layers designated CW^ and Cli^ , 
respectively (Fig. 5). The underlying plasma membrane was 
visible as were small patches of adhering wall material.
The larger portion of the cell revealed the cytoplasmic 
material and two empty polybetahydroxybutyric acid (FHB) 
granule attachment sites.
Fig. 6 presented a different fracture line in that 
the cytoplasm was not revealed but instead large patches 
of wall material were overlying a globular protein layer 
and the plasma membrane. The cells under mild Ni stress 
show^a similar picture with the exception of a more 
prominent globular protein layer (Fig. 7).
The vacuolation of the megalomorph under moderate to 
marked Ni stress is seen in Fig. 8 as are the wall layers, 
cytoplasm, and one or two empty PHB pockets. Fig. 8 shows
Fig. 5* An A. marinus cell grown in 4x10“^ M NICI2 in 
basal medium for 14 hr at 25 C. Two cell wall 
layers (CW^) and (GWg) are evident as well as 
the underlying plasma membrane (PM), the cyto­
plasm (CYT) and two empty PHB pockets (FHB), 
51,100X.

Pig. 6. Cell of A. marinus grown in 4-xlO"^ M NiClg in 
basal medium for hr at 25 C. The plasma 
membrane (PM) is apparent in the foreground. 
Directly under the plasma membrane (PM) is a 
globular protein layer (GPL) followed by pat­
ches of cell wall (CV) material, 78,200X.
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Fig. 7. Cells of A. marinus grown in 4-xlO”^ M MClg 
in basal medium for 3 hr at 25 C, A sheet­
like globular protein layer (GPL) is present 
between the plasma membrane (PM) and the outer 
cell wall (CV^, 65,?OOX.
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Fig. 8. A. marinus cells grown in 4x10”^ M NiC^ in
basal medium for 14 hr at 25 C, showing a high 
degree of multivacuolation. The larger vacuo­
lated areas are indicated (V) as well as two 
cell wall layer (CW^) and (CW2). The vacuoles 
are ringed by cytoplasm (CYT) and an occasional 




only the area under the vacuole and not the overlying 
material shown in Fig. 9* The latter indicates a unique 
vacuole membrane and a number of FHB granules still intact 
within the cytoplasm. Fig. 10 shows a vacuole completely 
covered by a membrane in addition to the plasma membrane 
and two cell wall layers. The round craters and raised 
areas in the middle of the cell were not FHB granules but 
may represent vesicles, or possibly mesosomes.
A detailed closeup of a freeze-etched cell containing 
FHB is shown in Fig. 11. The normal cell from a limited 
number of grids appeared devoid of FHB. A screening tech- 
ique using Sudan Black B indicated PHB accumulation under 
mild to moderate Ni stress but little or no accumulation 
of PHB occurred under marked Ni stress.
Figs. 12 and 13 demonstrate the helical nature of the 
flagella of A. marinus in basal medium. Fig. 13 is an 
enlargement of the central section of Fig. 12. An isolated 
cell with associated flagella is seen in Fig. 14. The 
organism appeared to be peritrichous with respect to its 
flagella although it was difficult to establish exact 
attachment sites.
Cell Envelope Characteristic of A. marinus Under Ni Stress
The cell wall synthesizing system of A. marinus was 
hypothesized to be the principal site of Ni reactions by 
Cobet (1968). The large Bize and osmotic sensitivity of 
A. marinus under Ni stress indicated that cell wall and
membrane components were affected (Cobet et al, 1971)
-4Fig. 9. Cell of A. marinus grown in 4x10 M NiC^ 
in basal medium for 14 hr at 25 C. Vacuole 
membrane (VM) is shown partially covering the 
area of vacuolation (V). A number of PHB 
granules are evident within the cytoplasm 
(CYT), 70,000X.
65
' '- 'v.;*' h >-
■ - -■ . -- >\ 
\2
■ \ .
'"V* ' ■>- - V iJi T S r ^
’ • * • > .  , v i ^ - w  * • ' . : * - " A ' - - t *  v  v  £ . • ■ ; • , . . *  - • * •  % '■
\ * V- ’ „ >>-'' VtaV.: \ ■ ; . '
■ ...
S*. -K ‘ •■•'-i--OT»-I ' V-<■ *■ . ^  »“* A  ’ ' ^  s . *1 «" v • ________
l3W v
..v. v v W ; . - x .. *...i *  - ri;.r J ^ . . . ^  
>>> A .‘ ‘ .-.VO-' v '>V\. ^ . ‘-’-^Vf’-. o
v ’**^!  ^X\«»- --■ *■ - ‘ ■'- V ' •'•-'v
\X+ ~ 7- •» ^X* r '*-V’> «■*-■' * - _* v  ^  r « . ■> ” *■-- ' 4  1 - , ^  v . % • 1 1,
. M - V '  ~ -~-- > -. * -V-r- -'■ -• •
Fig. 10. Cell of A. marinus grown in 4x10”^ M NiCl2 in 
basal medium for 14 hr at 25 C* Vacuole is 
covered by a membrane (VM). Two cell wall 
layers (CW^) and (CW2) are evident. Central 
depressed and raised areas may represent 
mesosomes,(M) 51»100X*
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Fig. 11. Cell of A. marinus grown in 4x10“^ M NiClg 
in basal medium for 14 hr at 25 C, showing 
location of FHB granules (FHB) in the 
cytoplasm (CTT), 85,500X.
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Fig. 12. A. marinus cell pack (normal control) showing 
helical nature of the flagella. The cells 
were grown for 16 to 18 hr in basal medium 








Fig. 15. Enlargement of flagella of A. marinus (nor­
mal control). The cells were grown for 16 




Fig. 14. Area of insertion of flagella (F) in the 
cell wall (CW) of A. marinus (normal 
control). The cells were grown for 16 to 
18 hr in basal medium at 25 C, 87j800X.
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In this section, the characteristics of the proteinaceous 
components of the cell envelope of A. marinus under Ni stress 
were investigated*
Ketodeoacyoctulosonate (KDO) Content of Crude Wall and Envelope
Preparations
Envelope Preparations
KDO was utilized as a marker component of the outer 
membrane of the cell envelope of A. marinus. The KDO con­
tent of A. crystallopoietes and A. globiformis was compared 
to the KDO content of A. marinus, E. coli B-27 served as 
a positive control and S. aureus 243 served as a negative 
control* To determine the relative amount of KDO-reacting 
material in the normal and Ni-stressed cells of A* marinus 
and other bacterial cultures, cell wall and envelope prepara­
tions were made from each bacterial culture.
The highest KDO content was observed in E. coli B-27 
(Table 11). £3. aureus was essentially non-reactive based
on 52 mg dry weight of envelope preparation. A. marinus 
contained considerably more KDO-reacting material than 
either A. globiformis or S. aureus. However, little or no 
difference in KDO content was observed between the normal 
and the Ni-stressed cells of A. marinus based on mg dry 
weight of envelope preparation. Further assays of Ni- 
stressed cells of A. marinus have confirmed a relatively 
high KDO content. No attempts were made to isolate purified 
lipopolysaccharide from either the normal or the Ni-stressed 
cell.
TABLE 11. Ketodeoxyoctulosonate (KDO) content of crude wall and envelope 
preparations of several bacterial cultures
Bacterial culture KDO content® % Relative to E coli
Staphylococcus aureus 243 33 11.6
Arthrobacter Klobiformis 55 19.5
Arthrobacter crystallopoietes 118 41.9
Arthrobacter marinus (untreated) 127 43.1
Arthrobacter marinus (Ni-stressed) 114 40.6
Escherichia coli 281 100.0





Amino Acid Content of Cell Envelope Preparations of A. marinus
Cell envelope preparations (Fig. 15) resulted in 
thin electron-opaque structures (Fig. 16 and 17). The 
amino acid content for cell envelopes of A. marinus is 
shown in Table 12. Several of the minor amino acids,
(i.e. leucine, valine, and serine), were at a concentration 
of 0.060 umoles per mg or higher in A. marinus suggesting 
an incomplete protein digestion. Subsequent digestions 
with trypsin were carried out for a longer period of time.
The lysine to glutamic acid ratio in A. marinus was 
too low for a lysine-containing peptidoglycan. Thus, a 
diaminopimelic acid (DAP)-containing peptidoglycan was 
considered. DAP was not resolved by amino acid analysis 
since that retention time of DAP coincided with the reten­
tion of methionine on the amino acid columns. Subsequent 
chromatographic analysis revealed the presence of DAP in 
the A. marinus cell envelope hydrolyzates. However, the 
most abundant amino acids present in A. marinus cell 
envelopes were glutamic acid, alanine, glycine and aspar­
tic acid (Table 12). Krulwich et_ al (1967a) indicated 
the most abundant cell wall amino acids of A. crystallopo­
ietes to be glutamic acid, alanine, and lysine.
The amino acid content of mid-log phase cell envelopes
of A. marinus grown in the absence of NiCl2 was compared
to cell envelopes grown in basal medium containing
1x10"^, 2x10“^, and 3*10“^ M NiCl2 (Table 13). Additions 
-4of 1x10 M NiCl2 caused some increase in the abundance
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Fig. 15. Schematic summary of a cell envelope prepara­
tion for A. marinus. Modification of DeVoe 
and Oginsky (1969a).
Grow cells 
18 hr 37 C
'i
Centrifuge 5 min 




15 sec bursts, cool 
in ice bath (3X)
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Centrifuge supernatant 
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5 ml of buffer
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Centrifuge 15 min 
12,100 x g
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Fig. 16. Cell envelope of marinus grown in basal 
medium for 8 hr at 25 C, (Mid-log). Whole 
cells were placed in a Nossal disintergrator 
and envelopes separated by differential centri­
fugation. Envelopes were subsequently treated 
with trypsin ribonuclease, and deoxyribonuclease, 
4500X.
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Pig. 17. Enlargement of an isolated cell envelope of A.
marinus. Envelope isolated from cells grown 
in basal medium for 8 hr at 25 C. Envelopes 
treated with trypsin, ribonuclease, and 
deoxyribonuclease, 45,000X.








Amino acids Cell envelope preparation®
A B














a Prepared as described in Materials and Methods; A, 
values expressed as micromoles per milligram of cell envelope; 
B, values expressed as molar ratios with respect to glutamic 
acid.
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TABLE 13* Amino acid composition of cell envelopes
prepared from A. marinus under Ni stress.
Amino acids A
Cell envelope preparation a 
B C D
Glutamic Acid .832 .807 .399 .184
Alanine .912 .862 .453 .184
Aspartic Acid .660 .923 .453 .111
Glycine .599 .794 .442 .203
Lysine .278 .276 .128 .068
Arginine .134 .177 .121 .022
Threonine .336 .368 .175 .054
Serine .385 .504 .257 .111
Proline .195 .228 .143 .019
Valine .374 .467 .256 .065
Methionine * .294 .164 .071 .043
Isoleucine .233 .248 .153 .043
Leucine .386 .443 .289 .076
Tyrosine .206 .293 .128 .023
Phenylalanine .198 .245 .132 .027
* May represent D.A.P.
a Prepared as described in Materials and Methods;
A, mid-log cells; B, medium supplemented with 1x10“^ M
NiC^; C, medium supplemented with 2x10“^ M NiC^; D, 
medium supplemented with 3x10“^ M NiC^. Values expressed
as micromoles per 10 milligrams of cell envelope.
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of most amino acids with less than an 8 per cent decrease
in glutamic acid and alanine. The one exception was
methionine which underwent a 45 per cent decrease. DAP
eluted with methionine on the amino acid columns, and was
—4isolated from mid-log phase envelope. When 2x10 and 
5x10“^ M NiClg was added to the basal medium, no DAP was 
detected in the cell envelopes by chromatographic analysis 
and all amino acid levels declined rapidly. A loss of 
cell envelope amino acids, in addition to a possible loss 
of peptidoglycan-associated amino acids, was apparent as 
the NiC^ concentration was increased. The ratios of the 
major and minor envelope amino acids using glutamic acid 
as a reference unit is shown in Table 14. The major and 
minor amino acids declined at a rather even rate as the 
NiCl2 concentrations were increased. Total protein, as 
indicated by the amino acid content of the Ni-stressed 
envelope, were lowest at the higher concentrations of 
Ni012.
As indicated by Cobet (1968) the cell envelope of 
A. marinus presented a typical gram-negative wall ultra- 
structure such as shown by E. coli, consisting of seven 
distinct layers (double track outer membrane and a 
double track inner membrane). However, Arthrobacter. 
though not unequivocally gram-positive, are usually 
classified as gram-positive organisms. The predominant 
amino acids released by acid hydrolysis from cell walls 
of some gram-positive bacteria including A. marinus are
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TABLE 14. Ratio of the amino acids of cell envelopes
prepared from A. marinus under Ni Stress
Cell envelope preparation®
Amino acid A B C D
Glutamic acid 1.00 1.00 1.00 1.00
Aspartic acid 0.80 1.14 1.14 0.60
Glycine 0.72 0.98 1.10 1.10
Alanine 1.09 1.07 1.14 1.00
Serine 0.46 0.62 0.64 0.62
Valine 0.45 0.58 0.64 0.35
Leucine 0.46 0.55 0 .72 0.41
a Prepared as described in Materials and Methods; A,
-4mid-log cells; B, medium supplemented with 1x10 M 
NiC^; C, medium supplemented with 2x10“^ M NiC^; D»
-4medium supplemented with 3x10 M NiC^. Values expressed 
as molar ratios with respect to glutamic acid.
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shown in Table 15* Among the DAP-containing peptidoglycans 
of the gram-positive eubacteria, meso-DAP was the isomer 
most frequently encountered (Ghuysen, 1968). Chromatographic 
separation of the DAP isomers from A. marinus hydrolyaates 
established their identity as either the meso or the DD-DAP 
form. No LL-DAP was detected. Among the DAP-containing 
microorganisms (Table 15)» A. marinus most resembled 
Propionibacterium .jensenii tan organism which does not release 
aspartic acid in appreciable quantities. Among the lysine- 
containing microorganisms, A. marinus most resembled Lacto­
bacillus acidophilus and Staphylococcus aureus.
Wall protein and/or peptidoglycan incorporation in 
A. marinus cell envelope at increasing concentration of 
NiC^ is shown in Fig. 18. Glutamic acid was utilized to 
approximate proportion of macromolecules present in the 
cell envelope of A. marinus under Ni stress.
Protein Composition of Cell Wall and Envelope Preparations
Experiments with isolated cell envelope indicated an 
amino acid loss associated with Ni stress. This led to an 
investigation of the protein composition of the cell enve­
lope in the normal and Ni-stressed cells of A. marinus.
For comparative purposes, cell wall preparations of A. 
crystallopoietes were examined in both the rod and coccoid 
phase of growth. Since Gobet (1968) indicated that Mg 
spared megalomorph formation in A. marinus, Mg-deficient 
cell envelopes were examined.






Glycine Aspartic Lysine Reference
C. diphtherias + + + - - — Rodgers and Perkins 
1968
L. plantarum + + + — — — Rodgers and Perkins 
1968
P. .iensenii + + + + — — Rodgers and Perkins 
1968
C. butyricum + + + — — — Rodgers and Perkins 
1968
A. marinus + + + + + -
A. crystallopoietes - + + - - + Krulwick et al 
196?
S. faecalis - + + - - + Ghuysen, 1968
L. acidphilus - + + - + + Ghuysen, 1968
S. aureus - + + + - + Ghuysen, 1968
A. viridans — + + — — + Rodgers and Perkins 
1968
ooMO
Fig. 18. Peptidoglycan and/or protein concentrations
in cell envelopes of A. marinus as a function 
of M C I 2 concentration based on 10 mg dry 
weight of envelope. Envelopes prepared as 
described in Materials and Methods. Hydrolysis 
of envelope material was performed in vacuo in 
6 N HC1 at 110°C for 24 hr. Hydrolyzates were 
dried and the residue dissolved in 4 ml of 1 M 
Na citrate buffer at pH 2.2. Total glutamic 
acid content was used to describe peptidoglycan 
and/or protein concentration.
G L U T A M I C  A C I D  ( u  m o l e s  /  ml  )
o p PL_ TO 0»
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The results for the analysis of the protein fraction 
of the cell envelope preparations of A. marinus are shown 
in Table 16. A wide range of protein levels was observed 
for different preparations of A. marinus and was attributed 
to alterations in the growth medium, the growth rate, or 
the stage at which the cells were harvested# Mg deficiency 
caused a loss of cell envelope protein with values A4-78 
per cent lower than that for normal cells. The Mg-deficient 
cells, prior to envelope isolation, did not reveal any 
disturbances of the normal morphology of the cell. The 
envelopes isolated from the Ni-stressed cells when examined 
for protein content revealed a 70-90 per cent loss of 
protein.
Polyacrylamide Gel Electrophoresis of Envelope Proteins 
Since a loss of envelope protein was observed under 
Ni-stress and Mg deficiency (Table 16), a polyacrylamide- 
sodium dodecyl sulfate (SDS) gel system for the electro­
phoretic resolution of bacterial envelope complexes was 
employed to examine the number of protein components in 
the normal and Ni-stressed cell envelope. Grula and Savoy 
(1971) were able to distinguish 38 separate protein bands 
from the cell envelope of an Erwinia sp., and 37 protein 
bands from the cell envelope of Serratia marcescens. 
Comparative protein profiles from the normal and Ni-stressed 
envelopes of A. marinus are presented in Fig. 19. Numbering 
of the bands was based on direct observation of the stained 
gels and densitometer scanning. The normal cell envelope
TABLE 16. Protein composition of cell envelope
preparations of A. marinus
Cultural condition a Protein (.%) ^
normal 30 - 60
Mg deficiency 14 - 17
Ni stress 6 - 9
a Grown to mid-logarithmic phase in basal medium as
described in Material and Methods. Mg deficiency obtained
by deleting Mg from the basal salts solution. Ni stress
-4obtained by a NiC^ supplement of 3x10 M.
b Protein composition based on micrograms of protein per 
milligram dry weight of cell envelope.
Fig. 19. Sodium dodecyl sulfate (SDS) polyacrylamide 
gel electrophoresis of cell envelope pro­
teins of A. marinus. Fifty ul of solubilized 
envelope material (10 mg/ml of 0.01M sodium 
phosphate buffer pH 7*0, 1% SDS, and 1% 
B-mercaptoethanol), was applied to each gel. 
Electrophoresis performed at 6.0 mA/tube for 
8 hr. Gels were stained with Coomassie blue 
for 2-4 hr. Destaining was accomplished with 
acetic acid, methanol and water (75ml: 50ml: 
875ml). Normal cell envelope protein pro­
file derived from cells grown in basal med­
ium for 16-18 hr at 25 C. Ni-stressed en­
velope protein profile derived from cells 
grown in basal medium supplemented with 
5x10”^ M NiCl2 at 25 C.
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preparations of A. marinus exhibited 27-31 separate protein 
bands. Little protein failed to enter the gel: and resolu­
tion of the minor proteins was clear. Four major protein 
bands were observed in all the normal cells and the varia­
tion occurred only in the minor bands. In a few instances, 
a tailing effect was noted for protein bands, usually in 
the lower portion of the gels. The Ni-stressed envelope 
revealed 18-20 separate protein bands. In the Ni-stressed 
envelope two of the four major protein bands of the normal 
gels were in lower amounts and a number of minor bands 
were absent.
To determine whether the loss of protein was specific 
or general the amount of protein layered on the gels from 
the normal and Mg-deficient cell envelopes was adjusted to 
0.05 mg per gel. Fig. 20 indicated that the loss of protein 
was general since all of the protein bands present in 
normal cell envelope were present under Mg deficiency. 
However, a few proteins were in greater amounts under Mg 
deficiency suggesting a qualitative shift in protein 
organization rather than a specific protein deletion.
The cell walls of A, crystallopoietes. indicated 30-32 
protein bands in the coccoid form and 21-24 protein bands 
in the rod form (Fig. 21). There was some correlation of 
protein banding between the two forms, coccoid and rod, and 
identical major bands existed. The greatest difference 
between the two forms of A. crystallopoietes was in the 
number of high molecular weight proteins in the coccoid
Fig. 20. Densiometer tracings of SDS polyacrylamide gels
stained with Coomassie Blue for protein detection. 
Solubilized protein (0.05 mg/ml) applied on gels 
(50 ul). (——— — ), Normal envelope protein
profile of A. marinus (-----), Profile of envelope
proteins from cells grown in Mg-deficient basal 
medium for 18 hr at 25 C.
MAGNESIUM DEF.
Fig, 21, Sodium dodecyl sulfate (SDS) polyacrylamide gel 
electrophoresis of A. crystallopoietes cell wall 
proteins. Fifty ul of solubilized wall material, 
(10 mg/ml of 0.01M sodium phosphate buffer, 1%
SDS, and 1% B-mercaptoethanol), was applied to 
each gel. Electrophoresis performed at 6.0 mA/ 
tube for 8 hr. Gels were stained with Coomassie 
blue for 2-4 hr. Destaining was accomplished with 
acetic acid, methanol and water (75ml: 50ml: 
875ml). (Rod)-Indicates the mid-log phase cells 
of A. crystallopoietes. (Coccoid)-Indicates the 
stationary phase cells of A. crystallopoietes. 
Cells were grown in Nutrient Broth at 25 C for 
8 hr (mid-log) and 48 hr (stationary).
ROD COC C O I D
101
form which clustered near the gel origin. The A. crystal­
lopoietes cell wall protein profiles showed some identity 
with A. marinus cell envelope protein profiles with respect 
to hand migration.
Determination of Molecular Weight of Envelope Proteins 
by Polyacrylamide Gel Electrophoresis
The response of k, marinus to NiClg suggested an 
alteration in wall and/or membrane proteins. Schnaitman 
(1970bcl971b) reported that the major envelope protein of 
E. coli has a molecular weight of 44,000 and accounts for 
approximately 40 per cent of the total envelope protein. 
Utilizing the method of Weber and Osborn (1969), purified 
protein standards (bovine albumin, ovalbumin, cbymotrypsin, 
myoglobin, and cytochrome C ) were applied to SDS-polyacry- 
lamide gels and a standard mobility pattern was obtained 
for the known proteins in the range of 10,000-100,000 
daltons (Fig. 22).
The major protein bands for A. marinus and A. crystal­
lopoietes from the various gels were classified according 
to molecular weight (Table 17)• The four major proteins 
in the untreated cell envelope of A. marinus had molecular 
weights of 93,000, 80,000, 55,000, and 55,000. The TTi-stressed 
envelope appeared deficient in the 80,000 and 55,000 mole­
cular weight protein bands. A. marinus cell envelopes and 
A. crystallopoietes cell walls had an 80,000 molecular 
weight protein moiety in common. The coccoid form of A. 
crystallopoietes had an additional major protein of 70,000
Fig. 22. Molecular weight of five standard protein markers 
plotted against their respective electrophoretic 
mobility on 10% polyacrylamide gel. Fifty ul of 
each standard was placed on 5 separate gels. 
Triplicate gels containing all of the standards 
were also used.(10 ul of each). Electrophoresis 
was performed at 6 mA/tube for 8 hr. Gels were 
stained with Coomassie blue for 2-4- hr. Destain- 
ing was accomplished with acetic acid, methanol 
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O v a l b u m i n
Chy mot rypsi n
Myo g I obi  n
C y t o c h r o m e  C
0.60.4 0.80.2
MOBILITY
TABLE 17. Molecular weights of the major envelope proteins from A. marinus 
and A. crystallopoietes
Arthrobacter marinus Arthrobacter crystallopoietes








a Determined by disc gel electrophoresis as described in Materials and Methods.
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molecular weight which was not contained in the rod form.
No major hands corresponded to the 44,000 molecular 
weight protein of E. coli.
Radioactive Labeling of Envelope Proteins Resolved by Disc 
Gel Electrophoresis
In addition to visual observations and densiometric
scanning, envelope proteins may be resolved by the use of
14radioactive amino acids. The labeled amino acid, C 
leucine, was incorporated into cell envelope proteins.
The proteins were resolved on polyacrylamide gels and 
sliced into 50 1 nim sections.
Counts per minute corrected for background radiation 
were plotted against the sequential gel slices starting 
from the protein origin. The protein profile for the nor­
mal and Ni-stressed cell envelope of A. marinus is presented 
in Pig. 23* The relative amount of protein contained per 
mg of Ni-stressed cell envelope was considerably lower than 
that observed for the normal cell envelope of A. marinus. 
However, the number of proteins resolved was approximately 
the same as the number in the normal cell envelope prepara­
tions. The data substantiates a general loss of cell 
envelope protein under Ni stress as opposed to a specific 
loss of one or more of the major envelope proteins.
In an SDS solubilization mixture, proteins may occur 
as monomers, dimers, trimers, or various length polypeptide 
chains. Apparently, a multiplicity of geometry is also 
possible with a mixture of rod and/or helical shaped proteins.
14-Fig. 23. Radioactive profile of 0 leucine labeled
proteins for cell envelope preparations of A. 
marinus. Cells grown in basal medium with and 
without added NiCl^ (4x10”^ M). Twenty-five uC 
leucine (specific activity 124 m C/m Mole) added 
to 130 ml of basal medium. Envelopes harvested 
as described in Materials and Methods. Electro­
phoresis conducted as described in Materials and 
Methods. Gel slices (1 mm) dissolved in 30 %
sci^illstion vials. Ten ml of Aquasol 
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In order to reduce the diversity of envelope proteins both 
in size and shape, Schnaitman (1971a)treated the 3DS 
solubilized E. coli envelope material for 5 rain at 100 C, 
concluding that the inner membrane of E. coli consisted of 
a few proteins that are capable of existing in a number of 
forms.
The normal cell envelope of A. marinus which contained 
labeled amino acid was solubilized in 3D3 and boiled for 
10 min. Fifty ul of the solubilized, heat-treated sample 
was processed on the polyacrylamide gels and the stained 
gels were thin-sliced and counted (Fig. 24). A shift of 
proteinaceous material among the major envelope proteins 
occurred. Of the four major proteins, the higher molecular 
weight protein (95*000) indicated the greatest depression.
An additional peak of high molecular weight protein appeared 
closer to the origin. The second major protein (80,000) 
remained unchanged, while the third (55*000) and fourth 
(55*000) major proteins may have been masked by movement 
of the 93,000 MW protein to a position overlying these two 
peaks. Thus, the possibility for multiple forms of the same 
protein exists for the A. marinus cell envelope.
The per cent of the total envelope protein represented 
by any one protein may be calculated from the total radio­
activity in the gels. In the normal envelope of A. marinus, 
the four major proteins account for 44 per cent of the 
envelope, whereas in the Ni-stressed envelope the four 
major protein peaks accounted for slightly less than 50
Fig. 24. Radioactive profile of leucine labeled 
proteins for a cell envelope preparation of 
A. marinus. Cell envelope preparation sol­
ubilized and boiled 10 min in sodium dodecyl 
sulfate (3DS) prior to electrophoresis as des­
cribed in Material and Methods. Gel slices (l 
mm) dissolved in 30% H^O£ in scintillation vials. 





















per cent of the total envelope protein.
63Attempts to trace radioactive -'Ni which may have 
been interacting with specific envelope proteins revealed 
little useful information. Except for a small peak of 
radioactivity near the distal end of the gels (low molecu­
lar weight material), no detectible counts were observed.
Environmental Studies of the Effect of Ni on Marine Microorganisms 
Open ocean, coastal and estuarine seawater environments 
were investigated to determine the response of the heterotro- 
phic microbial populations to Ni (Fig. 25). The tolerance 
of A. marinus to a number of heavy metals was compared to 
several Ni-tolerant open ocean isolates.
Open Ocean Area
The temperature and salinity data for stations in the 
area of the Gulf Stream are presented in Table 18. Temp­
erature profiles indicating water colder than 15 C at 200 
meters were considered external to the northern edge of the 
Gulf Stream, whereas temperature profiles warmer than 15 C 
at 200 meters were internal to the northern edge of the 
Gulf Stream. The hydrographic cast was considered down to 
a depth of 400 meters prior to making a firm decision 
regarding its position relative to the Gulf Stream. Most 
stations indicated relatively stable salinities in the water 
column down to 200 meters. Salinity extremes were observed 
at Station No. 3 where the surface salinity was 36.296 ppt 
and the 100 meter salinity was 34.949 ppt.
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Fig. 25. Sampling areas for microbiological casts in an 
open ocean, coastal, and estuarine environment. 
KNOER-18 represents the open ocean zone. CHASE-1 






TABLE 18. Hydrographic data for Gulf Stream stations on KNORR 18 cruise








1 1/20/71 37°08’N surface 14.1 NDa Outside
71 42.5'W 25 13*9 ND If
50 13.9 ND If
75 13*9 ND I
100 13.8 ND If
200 15*5 ND IT
2 1/23/71 37°12'N surface 17*7 35*940 Outside
71 51.3'W 25 17*7 35*853 f
50 17*7 35*912 It
75 17*2 35.929 I
100 16.2 36.115 I
200 10.0 35.298 I
3 1/23/71 36^44.8'N surface 22.0 36.296 Inside
71 42'W 25 21.50 36.199 I
50 19*4 35.989 V
75 17.5 35.980 It
100 16.6 34.949 It
200 15*6 35.691 I
4 1/25/71 37°08.2’N surface 12.4 35.013 Outside
71 55*5'W 25 12.2 34.167 I
50 12.4 34.412 If
75 12.5 34.706 n
100 13*7 35.026 ti

















































The heterotrophic microbial population was sparse but 
rather consistent with depth at Station No. 1 (Table 19).
The addition of NiCl2 adjusted to molarities of 10“3, 10”^,
_ z
and 10  ^was stimulatory generally to the microbial popula­
tion producing an average increase of 111, 119, and 133 per
cent, respectively, of the populations on the untreated
-3Marine Nutrient Agar. At a concentration of 5 * 10 and 
_o
10 M NiCl2, the microbial populations developed at 5 and 
0 per cent, respectively, of the untreated medium.
At Station No. 2 (Table 20), the bacterial population 
was greater than at Station No. 1 (Table 19). The addition 
of NiClg adjusted to molarities of 10~3, 10“^, and 10“3 
caused 92, 93, and 108 per cent of the bacterial populations 
on the average to develop as on untreated Marine Nutrient 
Agar. The microbial populations dropped to 6 and 0 per cent 
on the average on Marine Nutrient Agar medium containing 
5 x 10”3 and 10"^ M NiClg, respectively. Again, there was 
an average stimulation of the microbial population where 
10“3 M NiClg was present in the Marine Nutrient Agar medium.
The effect of NiCl2 added to the Marine Nutrient Agar 
medium showed a similar general effect on the five other 
Gulf Stream stations (Tables 21-25). At Station No. 3 
(Table 21) an average stimulation of 121 per cent in the 
bacterial populations at 10“3 M NiCl2 occurred compared to 
the untreated Marine Nutrient Agar medium. At Station No.
4 (Table 22), the bacterial colonies developing form a 25 ml 
sample were too low to have meaning except at the surface.
TABUS 19. Bacterial populations for 100 ml of seawater calculated from 25 ml samples
collected from Station No. 1 outside the Gulf Stream on marine nutrient agar 
medium containing different concentrations of NiCl^ as incubated at 15C until 
maximum population was attained. Relative percentage bacterial populations 
on nickel-containing medium were calculated against the control.





















Surface 196 188 96 288 147 212 108 12 6 0 0
25 60 88 147 44 73 120 200 4 7 0 0
50 60 56 93 92 153 92 153 4 7 0 0
75 100 60 60 80 80 92 92 4 4 0 0
100 48 92 192 56 117 68 142 0 0 0 0
200 60 48 80 88 147 60 100 4 7 0 0
Average 87 89 111 106 119 107 133 5 5 0 0
TABLE 20. Bacterial populations for 100 ml of seawater calculated from 25 ml samples
collected from Station No. 2 outside the Gulf Stream on marine nutrient agar 
medium containing different concentrations of NiClg as incubated at 150 until 
maximum population was attained. Relative percentage bacterial populations 
on nickel-containing medium were calculated against the control.





















Surface 484 496 102 512 106 792 163 44 9 0 0
25 588 452 77 420 71 572 97 28 5 0 0
75 552 428 80 280 53 356 67 16 3 0 0
100 1064 1040 98 1112 105 1108 104 96 9 0 0
200 440 456 104 568 129 480 109 8 2 0 0
Average 623 570 92 578 93 662 108 38 6 0 0
TABLE 21. Bacterial populations per 100 ml of seawater calculated from 25 ml samples 
collected from Station No. 5 inside the Gulf Stream on marine nutrient agar 
medium containing different concentrations of NiCl2 as incubated at 15C until 
maximum population was attained. Relative percentage bacterial populations 
on nickel-containing medium were calculated against the control.
Molaritiesi of added NiCl2
Depth none 10“•5 10-*
%
10_:5 5 x 10“^ 10"5
%meters no. no. % no. no. % no. % no.
Surface 140 84 63 124 89 144 103 16 11 12 9
25 108 156 144 116 107 152 141 16 15 0 0
50 328 256 78 248 76 360 110 24 7 0 0
75 56 52 93 56 100 72 129 4 7 0 0
Average 158 157 95 136 93 182 121 15 10 3 2
TABLE 22. Bacterial populations per 100 ml of seawater calculated from 25 ml samples
collected from Station No. 4 outside the Gulf Stream on marine nutrient agar 
medium containing different concentrations of NiCl2 as incubated at 15C until 
maximum population was attained. Relative percentage bacterial populations 
on nickel-containing medium were calculated against the control.















Surface 880 1260 145 1236 140 1180 134 72 8 12 1
25 4 8 32 24 8 0
50 4 20 16 16 20 0
75 4 8 8 4 0 0
100 0 8 4 12 0 0
200 0 4 0 0 0 0
120
TABLE 23. Bacterial populations for 100 ml of seawater calculated from 25 ml samples 
collected from Station No. 5 inside the Gulf Stream on marine nutrient agar 
medium containing different concentrations of NiCl2 as incubated at 15C until 
maximum population was attained. Relative percentage bacterial populations 
on nickel-containing medium were calculated against the control.
Molarities of added NiCl2
Depth none 10-5 10-4- 10-3 5 x 10-3 10-2
meters no. no. % no. % no. % no. % no. %
Surface 12 8 56 24 0 0
25 0 8 8 20 8 0
50 25 136 92 48 84 0
100 180 144 148 100 72 0
200 120 156 148 144 68 0
121
TABLE 24. Bacterial populations for 100 ml of seawater calculated from 25 ml samples 
collected from Station No. 6 inside the Gulf Stream on marine nutrient agar 
medium containing different concentrations of NiCl^ as incubated at 150 until 
maximum population was attained. Relative percentage bacterial populations 
on nickel-containing medium were calculated against the control.
Molarities of added NiCl2
Depth none 10"■5
4-ioH
10"3 5 x 10“3 10“2
meters no. no. % no. % no. % no. % no. %
Surface 224 184 82 172 77 212 95 78 34 0
25 196 212 108 192 98 240 122 48 25 0
50 200 180 98 196 98 204 102 78 39 0
75 256 292 114 252 91 548 156 108 42 0
100 192 152 79 112 58 220 115 52 27 0
Average 215 204 95 181 84 245 114 73 33 0
TABLE 25» Bacterial populations for 100 ml of seawater calculated from 25 ml samples
collected from Station No. 7 outside the Gulf Stream on marine nutrient agar 
medium containing different concentrations of Ni012 as incubated at 150 until 
maximum population was attained. Relative percentage bacterial populations 
on nickel-containing medium were calculated against the control.



















Surface 448 544 121 444 99 552 125 144 32 4 1
25 168 224 133 156 93 256 152 8 5 0
50 204 320 157 276 135 356 174 60 29 0
75 144 156 108 124 86 172 119 56 39 0
100 160 152 95 96 60 112 70 16 10 0
200 220 196 89 180 82 212 96 32 15 0
Average 224 265 117 212 93 276 122 52 22 0.6
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Low bacterial populations were observed at Station No. 5
(Table 23). The bacterial numbers rose on Stations No. 6
and 7 (Tables 24 and 25). The bacterial stimulation by
10~^ M NiC^ was observed on these stations and 33 and 22
-3per cent of the bacterial colonies appeared at 5 * 10 M 
NiC^ on Station No. 6 and 7» respectively, compared to the 
untreated control.
-5 -4From all of these Gulf Stream stations, 10 '  and 10 
M NiC^ added to the Marine Nutrient Agar medium had little 
consistent stimulatory or inhibitory effect. However, de­
finite stimulation appeared in the Marine Nutrient Agar
medium containing 10"^ M NiC^. Marked reduction in the
-3microbial population occurred at 5 x 10  ^M NiC^. From 
all of the Gulf Stream casts, only 28 colonies developed 
on Marine Nutrient Agar medium containing 10 M NiC^. 
Coastal Zone Area
Four stations were taken on the 31st of March 1971 in 
the Gulf of Maine between 4-8 miles from the mouth of the 
Piscataqua River which separates the states of Maine and 
New Hampshire. Hydrographic data for these Gulf of Maine 
stations indicated reduced temperature and salinity com­
pared to the Gulf Stream area (Table 26). Generally., the 
bacterial populations was two orders of magnitude above 
that of the Gulf Stream stations (Table 27). Consistent
stimulation from the addition of NiC^ to the Marine
-4Nutrient Agar occurred at 10 M, a full order of magnitude 
less Ni than stimulated the bacterial population in the
TABLE 26. Hydrographic data for Gulf of Maine stations on CHASE - I cruise






1 3/31/71 42°58.4'N surface 3 31.7
70°38.8'W 25 NDa ND
2 3/31/71 42°59.5'N surface 3.25 32.4
70°39.3'W 25 ND ND
3 3/31/71 43°00.4'N surface 3.5 31.9
70°40'W 25 ND ND
4 3/31/71 43°01.3'N surface 3.5 31.9
70°40.6'W 25 ND ND
a Not determined
TABLE 27. Bacterial populations per ml of seawater calculated from 1.0 ml samples 
collected from four stations at two depths in the Gulf of Maine within 
four miles of the mouth of the Piscataqua River on marine nutrient agar 
medium containing different concentrations of NiCl2 as incubated at 4C 
until maximum population was attained. Relative percentage bacterial 
populations on nickel-containing medium were calculated against the control.























1 Surface 185 210 114 223 120 43 23 0 0 0 0
25 170 108 64 200 118 53 31 1 0 0
2 Surface 280 219 78 297 106 107 38 0 0 0 0
25 239 260 109 270 113 58 24 0 0 1
3 Surface 332 334 101 350 105 186 56 1 0 0
25 240 155 65 176 73 53 22 0 0 0 0
4 Surface 258 277 107 275 107 135 52 2 1 1
25 185 183 99 208 112 70 38 2 1 0 0
Average 236 218 92 250 107 88 35 0.75 0.3 0 .25 0.1
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Gulf Stream area. Marked bacterial toxicity with an average
reduction to 35 per cent of the untreated control was
noted at 10-3 M NiC^ in this water mass. At 5 x 10*"3 M
NiC^ less than 1 per cent of the control colonies grew
and at 10 M NiC^ only 2 colonies developed from all casts.
Thus, the bacterial population from the coastal zone area
was more sensitive to NiC^ than bacteria from the open ocean.
The Estuarine Area
Four stations were taken on April 11, 1971 in the Great
Bay - Little Bay estuarine complex which is supplied by the
Piscataqua River in New Hampshire. Hydrographic data for
these estuarine stations indicated that the salinity was
drastically reduced at this time of year compared to the
open ocean as were the temperatures which ranged from 5*5
to 8 C (Table 28). The bacterial population was an order
of magnitude higher in the estuary as compared to the coastal
zone (Table 29). None of the estuarine sample areas showed
consistent stimulation of the microbial population from
the addition of NiC^ to the Marine Nutrient Agar medium.
In four samples, microbial stimulation occurred at 10~3 M
NiC^. At 5 x 10-3 M M C I 2 only 2 per cent of the colonies
appeared as compared to the control medium. No colonies
-2appeared on medium containing 10 M NiC^ from the 
estuarine environment even though the overall numbers of 
microorganisms on these membrane filters was considerably 
greater (lOOOx) than from the open ocean samples (Table 29). 
Thus, a marked difference in the response of marine mic-
TABLE 28. Hydrographic data for Great Bay - Little Bay estuarine stations on CHASE - II
cruise
Station No. Date Location depth temp salinity
meters C ppt

































TABLE 29- Bacterial populations per ml of seawater calculated from 0.1 ml samples
collected from four stations at two depths in the Great Bay - Little Bay, 
New Hampshire, estuarine complex on nutrient agar medium containing 
different concentrations of NiCl2 as incubated at 4C until maximum 
population was attained. Relative percentage bacterial populations on 
nickel-containing medium were calculated against the control.























1 Surface 4790 1330 28 1210 25 1860 39 30 1 0 0
10 3980 4210 106 2650 67 2460 62 50 1 0 0
2 Surface 4740 2950 62 2600 55 2220 47 30 1 0 0
10 2360 2550 108 4340 184 2650 112 80 3 0 0
3 Surface 3960 2710 68 2070 52 2830 71 50 1 0 0
10 3210 3890 121 2270 70 1900 59 110 3 0 0
4 Surface 3640 4450 122 2270 62 2920 80 60 2 0 0
10 4320 850 20 2110 49 2300 53 110 3 0 0
Average 3875 2868 77 2440 63 2393 62 65 2 0 0
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roorganisms obtained from the open ocean, the coastal zone 
and the estuarine environment for the tolerance to NiCl^ 
ions was evident.
Comparison of Open Ocean Isolates to the Heavy Metal 
Tolerance of A. marinus
The growth of A. marinus and the microbial population
from the open ocean seawater samples was compared on
Marine Nutrient Agar plates supplemented with increasing
molarities of NiClp (Table 30) • Approximately 17 per cent
of the microorganisms isolated from the open ocean seawater
samples showed a greater tolerance for the Ni ion than did
A. marinus. Two of the most tolerant open ocean bacterial
colonies (KNORR 3331 and KNORR S332) were capable of good
_2
growth in the presence of 10 M NiC^ in the Marine 
Nutrient Agar plates.
Four Ni-tolerant isolates (KS3S1, K3332, K33S3, and
KS734) from the KNORR cruise were compared to A. marinus
for a spectrum of heavy metal tolerance (Table 31)• All 
of the isolates except il .  marinus grew in the presence of
5 x 10 J and 10 M NiCl^ added to the Marine Nutrient Agar.
Cu and Cd were the most toxic with only three of the isolates 
showing growth in presence of added Cu and two of the isolates 
(K33S2 and A. marinus) showing growth in the presence of 
added Cd. Growth was achieved by all five isolates in the 
presence of added Co, Zn, and Hg.
Isolates K33S2 is a gram-negative rod which had a 
general heavy metal tolerance greater than that of A. marinus
TABIE 30. Growth of open ocean microorganisms in the presence of Ni 
supplements3
NiC^ Growth or inhibition (%)^
addition (M)
none 100.0
1 x 10"5 111.4
1 x 10-4 100.3
1 x 10“5 117.1
„ (Arthrohacter marinus )c 
3 x 10“9 17.1 *
1 x 10“2 0.002 «— (KS3S1, KS3S2)
a All isolates from KNORR 18 cruise grown on Marine Nutrient Agar plates incubated 
at 15C. NiC^ added to plates before sterilization at concentrations indicated.
b Growth and inhibition expressed as per cent decrease or increase relative to the 
control.
c Tolerance level for the given organism.
TABLE 31. Comparison of the growth of Ni-tolerant open ocean isolates and A. 
marinus in relation to other heavy metals8
Basal medium supplemented 
with a heavy metal, M
Marine Nutrient Agar 
supplemented with a heavy 
metal, M
Culture Control 5xl0"4 lxlO-4 lxlO-4 lxl0“4 lxlO'5 Control 5xlO-3 lxlO"2
Cu Cd Co Zn Hg Ni Ni
KNORR S3S1 ++ ++ — +++ ++ ++ +++ +++ +++
KNORR S3S2 +++ + ++++ ++++ +++ ++++ +++ +++ ++
KNORR S3S3 + - - ++ + + + +++ +
KNORR S7S4 + - - ++ + + ++ +++ +
A. marinus +++ + + +++ ++ +++ ++++
a Growth on agar plates at 48 hr expressed as visible growth (+), light growth C++), 
medium growth (+++), heavy growth (++++), or no growth (-)•
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or any of the other heavy metal-tolerant isolates, including 
80 additional strains isolated from heavy metal enrichment 
cultures. KS3S1, a gram-positive coccoid bacterium, indi­
cated a specific tolerance for the M  ion but failed to
-4-grow in the presence of 10 M Cd and grew poorly in the 
presence of 5 x 10-4 M Cu, 10“4 M Zn, and 10“^ M Hg.
A. marinus was unable to grow in the presence of 5 x 10
— Zl
M NiClg but did grow well in the presence of 10 M Co and 
10”5 M Cd, and 10~4 M Zn.
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V. DISCUSSION 
Ecological Considerations of Heavy Metal Effects
"Pollution may be defined as any substance added to 
the environment as a result of man's activities which has 
a measurable and generally detrimental effect upon the 
environment." Additionally, "marine ecology may be defined 
as the scientific study of the distribution, growth, and 
ability to survive of natural marine populations under 
various environmental conditions" (Ketchum, 1967).
These considerations are pertinent to the environ­
mental parameters studied in the ecological section of this 
dissertation. Salinity and incubation temperatures ap­
proximated or coincided with those under natural conditions. 
(Tables 18, 26, and 28). The organic content of the marine 
Nutrient Agar was higher than that of seawater to allow 
for noticable colony development. The Ni content in the 
medium was adjusted to achieve different amounts of free 
and bound Ni.
The Ni concentration of open ocean seawater varies 
with depth. Corcoran and Alexander (1964) demonstrated 
the range of total soluble Ni for a vertical water column 
of 650 meters was 1-4 ug/liter (l-6xl0“8 M). Average
concentrations of Ni in open ocean seawater of 2 ug/liter 
— ft
(3x10 M) were reported by other investigators (Johnston, 
1964; Laevastu and Thompson, 1956). The concentrations 
of dissolved organic matter varied within a range of 
0.35-0.7 mg/liter for open ocean seawater (Menzel and
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Ryther, 1970)* In the open ocean the ratio of Ni to 
organic matter is approximately 1/250. Marine Nutrient 
Agar contains 8000 mg/liter organic matter as peptone and 
beef extract. Ni in concentrations ranging from 0.65 
mg/liter (10“3 M) to 650 mg/liter (10”^ M) was added to 
the marine Nutrient Agar. At 5x10“^ M NiClg, the Ni to 
organic matter ratio approximated that in open ocean sea­
water suggesting more free Ni in the marine Nutrient Agar
—4-at concentrations higher than 5x10 M NiCl2.
The concentration of Ni in marine Nutrient Agar which 
proved stimulatory to the growth of the open ocean 
heterotrophic population in Tables 19 to 25 was 65 mg/liter 
(10“3 M). This ratio of Ni to organic matter (1:125) is 
close to the ratio calculated for natural seawater (1:250) 
suggesting that slight environmental additions of Ni may 
effect a general stimulation of the microbial populations, 
prior to a concentration of Ni producing a rapid die-off.
The concentration of Ni which enhanced development of the 
coastal microbial populations was less, 6.5 mg/liter (10 
M), than in the open ocean seawater (Table 27). When Ni 
was added to the marine Nutrient Agar for the cultivation 
of the estuarine microbial population a reduction in the 
average bacterial numbers was observed (Table 29)# The 
significance of determining metal to organic matter concen­
tration ratios compared to direct measurement of particulate 
and soluble Ni is apparent from the data on the heterotrophic 
microbial populations in the coastal and the estuarine
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seawater.
Disruption of the balance of organisms in the food 
web by heavy metal ions may have serious ecological con­
sequences. However, some microorganisms can function 
at high Ni concentrations (Tables 50 and 51). Similar 
results for the effects of trace elements in media on 
marine bacteria have been observed for Ni (Wirsen, 1966) 
and Cu (Roche, 1966).
Heavy metals are most abundant in coastal zones 
affected by heavy industrialization. Adaptation of the 
coastal microbial populations to heavy metals may have 
resulted. However, this did not seem to be the case in 
the present study. It would appear that as the organic 
matter increased in amount and diversity, heavy metal 
resistance decreased. The estuarine bacterial populations 
were less tolerant of Ni, even though their total viable 
counts were higher than the coastal bacterial populations.
The open ocean bacteria demonstrated the greatest Ni 
tolerance (Table 50). A larger percentage of micro­
organisms from the open ocean grew at the highest Ni con­
centration tested than in coastal or estuarine seawater.
The number of bacteria/ml from the open ocean samples was 
only 1/1000 of that in the estuarine samples and 1/100 
of that in the coastal samples.
The nature of the microbial population increase at a 
specific Ni to organic matter ratio may occur by displacement 
from ligands of essential trace elements which lie below
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Ni on an avidity series, and which function to stimulate 
cellular growth and subsequent division (Jones, 1972),
In the case of metal-activated enzymes, which include 
transferases, decarboxylases, reductases, endopeptidases, 
oxidases, and dehydrogenases, synergism between pairs of 
elements may occur such that the enzymes function most 
efficiently in the presence of trace amounts of various 
elements not essential to their function (Bowen, 1966).
The increase in colony-forming units may also be 
associated with the electrochemical function of various 
cations which act as charge neutralizers for acidic 
molecules such as free carboxylic acids (Bowen, 1966)*
The dissociation of carboxyl groups is one of the most 
important factors for bacterial surface charges which, 
affects the electrophoretic mobility pattern of the in­
dividual organisms (Lamanna and Mallette, 1965). Dis­
sociation of bacterial aggregates through a surface 
charge alteration may result in a greater number of 
viable colony-forming units (CFU), When a certain number 
of surface sites were occupied by Ni or Ni-displaced 
elements, toxicity through metabolic interference may 
prevail resulting in cellular die-off.
The increase in CFU in the presence of various 
stimulatory molar amounts of NiC^ may result from its 
selective toxicity to microorganisms which are restricting 
the growth of the rest of the population. The lower 
amount of NiC^ necessary to cause stimulation of microbial
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populations in the coastal zone and the lack of stimula­
tion of the populations in the estuary may he explained 
by a decrease in numbers or species of microorganisms 
detrimential to the balance of the microbial population.
Boyd et al (1969) investigated the bacterial response 
to alterations of environmental conditions in soil such 
as soil moisture, organic matter, chelating agents, and 
soil sterility. Their data indicated that the charge on 
the bacterial surfaces (zeta potential), which was strongly 
influenced by the type of ion in the bacterial suspension, 
had an effect on the mobility of the bacteria through sand 
columns. The higher the zeta potential, the greater the 
tendency for the bacterial cells to remain apart. Lowering 
of the zeta potential close to zero (^15mV) will cause 
cellular clumping (Lamanna and Mallette, 1963). Divalent 
ions are more strongly absorbed than the monovalent ions. 
Monovalent cations increase cellular permeability whereas 
polyvalent cations decrease permeability (Lamanna and 
Mallette, 1965)* An accumulation of divalent heavy metal 
ions in the oceanic or nearshore environments has ecologi­
cal significance for the native microbial populations.
If the mobility of the existing microflora is altered, the 
various relationships between bacteria, particulate matter, 
phytoplankton, and zooplankton, may be upset (Sieburth, 
1968). Trace metals are known to affect bacterial motility 
suggesting a second mode of environmental interaction of 
a heavy metal ion such as Ni (Weinberg and Brooks, 1963;
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Sokolski and Stapert, 1963). Some ions allow flagella 
formation but inhibit flagella function. Other ions such 
as Fe and A1 suppress flagella formation. A few metallic 
ions have been shown to be either stimulatory or required 
for cellular motility (Doetsch and Hagaege, 1968). Adler 
and Templeton (1967) found 10“^ M Cu and 10”  ^M Ni inhibited 
motility in non-growing cells of E. coli.
The influence of Ni on flagella formation in A. marinus 
is shown in Fig. 2. This bacterium was described by Cobet 
(1968) as possessing a degenerative peritrichous type of 
flagellation. Figures 2, A, and 14 indicate a peritrichous 
or lophotrichous type of flagella. A situation analogous 
to the flagella development in A. marinus has been demon­
strated for the genus Beneckea by Allen and Baumann (1971). 
All the species of the genus Beneckea had single, polar, 
sheathed flagella when grown in liquid medium, but some 
species developed unsheathed, peritrichous flagella in 
addition to the single, sheathed, polar flagellum on solid 
medium.
Dual tail flagellation which was caused by NiSO^
(0.312 per cent) and NiC^ (0.0262M) in Spirillum volutans
as described by Kreig, Tomelty and Wells (1967) was not
—4 -4observed in A^. marinus at concentrations of 1x10 , 2x10 ,
3xl0"4 , 4xl0-4, and 5xl0~4 M NiClg.
Recent studies of Baumann et al (1972) with A. marinus 
(ATCC 25374) resulted in placing that strain (219) with 
other polarly flagellated species (2-5 polar flagella),
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accumulating PHB, and having a GC content of 63.0^0.5 moles 
per cent. They propose the name of Pseudomonas marinus, 
(group F-2) for strain 219 (A. marinus).
Physiological Considerations of Ni Stress on A. marinus
The addition of a heavy metal salt such as NiC^ to 
a suspension of bacterial cells, creates a potential for 
equilibrium of metal ion toward the interior of the cell. 
The first sites of interaction are the surface boundaries 
of the cell followed by interactions at the cell wall and 
membrane and ultimately by reactions within the cell.
The two major considerations of heavy metal toxicity 
are physical interactions at the diffusion barriers and 
chemical reactions such as group affinities or binding 
constants. Heavy metals are capable of binding to protein 
components of the cell through specific ligands (carboxyl, 
imidazole, sulfhydryl) or by association with individual: 
amino acid residues. Heavy metals are also potent enzyme 
inhibitors and bind to nitrogenous and phosphoryl groups 
in nucleic acids (Rothstein, 1959).
Rothstein (1959) developed the following criteria 
for differentiating cell membrane from cytoplasmic 
phenomenons where heavy metal ions are involved:
(l) The reactions of heavy metals within the membrane are 
relatively rapid and are reversible whereas those occurring 
within the cell show longer time lags and are essentially 
irreversible or very slowly reversible.
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(2) If cell functions are disturbed, then the metal is 
presumably acting on the membrane. Included in these cell 
functions are the inhibition of surface enzymes (phosphatases 
in yeast), inhibition of transport systems (sugars, amino 
acids), breakdown of the membrane as a permeability barrier, 
and alterations of bioelectric potential (ion transport).
(3) If the resultant physiological effect of the metal is 
responsive to extracellular substances, it can be presumed 
the interaction is at the cell membrane.
The megalomorphic effect of NiC^ on A. marinus is a 
readily reversible phenomenon, with deplasmolysis and sub­
sequent growth occurring upon dilution of the Ni from the 
basal medium (Cobet, Virsen, and Jones, 1970). Surface 
enzymes may be involved since a cessation of extracellular 
polysaccharide production occurred upon addition of NiCl^ 
(Cobet, 1968).
The outermost layers of gram-negative cells possess 
some of the properties usually associated with membranes 
rather than walls (Rodgers, 1969). The A. marinus cell 
wall as viewed by thin sections presents a typical gram- 
negative double track inner and double track outer membrane 
(Cobet et al, 1971).
In this study, KDO-reacting material was found in all 
envelopes of A. marinus (Table 11). Most, although not 
all, gram negative bacteria possess a KDO subunit in their 
wall lipopolysaccharide (LPS). Ellwood (1970) reported 
that the only gram-positive bacterium containing KDO as
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a cell wall component was A. globiformis (NC1B 8907).
If the EPS layer or subunits were affected adversely 
by Ni, or if the binding of the EPS to adjacent cell wall 
layers was distrubed, abnormal morphology as observed in 
A. marinus might result. However, the KDO levels in the 
cell envelope of A. marinus were not altered in the Ni- 
stressed condition (Table 11). This data agreed with 
that of Gobet et al, (1971) indicating no change in the 
outer double track membrane of the A, marinus cell wall 
in the Ni-stressed condition as viewed by thin sectioning.
The blebs associated with the cell surface were in 
large numbers in the Ni-stressed condition (Fig. 4-), In 
E. coli these blebs, apparently precursors to extracellular 
globules, were composed of lipoprotein and lipopolysaccharide 
(Work, Knox, and Vesk, 1966). Whereas Ni appears to have 
no effect on the outer membrane of the A. marinus cell wall, 
it may act on the inner wall membrane or the plasma mem­
brane. The double track inner membrane consists of the 
plasma membrane, peptidoglycan, and protein (Glauert and 
Thornley, 1969) or lipoprotein (Braun and Sieglin, 1970).
It is uncertain whether protein exists on both sides of 
the peptidoglycan or whether the peptidoglycan is adjacent 
to the plasma membrane. However, between the dense inner 
wall layer and the outer wall membrane is a protease 
sensitive area which may serve to link the inner and outer 
wall membranes (Glauert and Thornley, 1969).
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Carson and Eagon (1966) have indicated that the pep­
tidoglycan layer of P. aeruginosa is not solely responsible 
for cell wall rigidity. Divalent cations such as Ca and 
Mg may form crosslinks between peptidoglycan and non-pep- 
tidoglycan components that bind wall layers and subunits 
into the structure visible by electron microscopy. Marine 
bacteria, particularly, have a dependence on the major ions 
in seawater for.membrane and wall stability (Brown, 1961).
The effect of chloramphenicol on cells of A. marinus 
in the process of megalomorph formation is to inhibit 
furthur morphological alterations (Table 6). The addition 
of N1CI2 to growing cells of A. marinus does not cause a 
cessation of protein synthesis (Cobet, 1968). Continued 
synthesis of the globular protein layer of the marinus 
cell wall is indicated under mild Ni stress (Fig. 7) and 
marked Ni stress (Fig. 6). Fig. 6 shows a loss of protein 
globules which may be associated with a degenerative or 
unstable binding capacity of the protein to adjacent wall 
layers.
Brown (1961 a)demonstrated two distinct protein com­
ponents in the cell wall of a marine pseudoraonad. The 
"labile" protein was affected by a lytic enzyme and varied 
from 0-50 per cent of the cell wall fraction according to 
the growth conditions. The DAP-associated "resistant" 
protein was stable and indespensible to wall stability. 
Although the two protein components may have different 
functions once formed, they are both essential to wall
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stability.
Ni may have influenced the incorporation of "labile" 
or "resistant" protein by displacement of Mg or Ga linkages 
causing defective subunit binding or unstable covalent 
bonding with adjacent wall macromolecules. The observation 
that Mg-deficient cell envelope of A. marinus possessed 
less than 50 per cent of the normal protein content (Table 
16) yet retained normal cellular morphology suggests an 
effect on the "labile" protein fraction. Ni stress represent­
ing an additional decrease in protein content (Table 16) 
may affect both "labile" and DAP-associated "resistant" 
protein resulting in a weakened cell envelope as observed 
in (Fig. 2 A-D).
The removal of lipid-associated amino acids from the 
cell wall of Nocardia rubra by alkaline-ethanol extraction, 
resulted in a loss of the characteristic pattern of the 
outer envelope (Beaman et al, 1971)* However, the measure­
ments and relationship of the two outer dense layers of the 
A. marinus cell envelope appear little affected during Ni 
stress (Cobet et al, 1971). The loss of the inner dense 
layer and a widening of the region between the wall and the 
plasma membrane was observed.
A lipoprotein covalently bonded to the peptidoglycan 
of E. coli was demonstrated by Braun and Sieglin (1970)*
The lipoprotein-peptidoglycan complex was thought to act 
as an attachment frame for other components of the cell 
wall. Unlike N. rubra, E. coli provides a model consistent
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with the amino acid-deficient cell envelope of A. marinus 
in a Ni-stressed condition. The unlinking of the lipo­
protein from the peptidoglycan may have caused a separation 
of the inner and outer cell wall membranes. The A. marinus 
cell continued to grow in the absence of cellular division 
(Cobet, 1968), Structural support for growth may be pro­
vided if the non-proteinaceous components of the outer cell 
wall membrane were unaffected, A slow degradation of the 
outer membrane may loosen the cell wall sufficiently to 
explain the observed cellular enlargement process,
D'Aoust and Kushner (1971) demonstrated the involve­
ment of Mg in membrane structure and Na and Mg in the wall 
stability of a psychrophilic marine bacterium. Costerton 
et al (1967) indicated a possible role of Mg in the wall 
stability of a gram-negative marine bacterium. Forsberg, 
Costerton, and MacLeod,(1970) have suggested the Mg acts 
as a screen for negative charges permitting these groups 
to remain close together facilitating cross links through 
hydrogen and hydrophobic bonding. The ionic requirements 
of halophilic bacteria had been explained by a similar 
mechanism (Brown, 1963), DeVoe and Oginsky (196^ explained 
envelope disintergration during cell lysis of a marine 
pseudomonad due to breaking of Mg bridges. Divalent cation 
bridges between anionic groups in the cell envelope was 
demonstrated. The loss of cell envelope protein during 
Mg-deficient growth suggested a similar structural support 
role of Mg for the cell wall and/or cell membrane of
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A. marinus. The A. marinus cells apparently retained or
scavenged enough Mg from the basal medium to maintain
structural integrity as abnormal morphology did not occur. 
This is consistent with the data of Fiil and Branton (1969) 
who demonstrated no detectible decrease in the Mg content 
of the cell envelope per se during Mg starvation of E. coli.
Morphological changes occurred in the Nistressed 
cells of A. marinus accompanied by a loss of 70 - 90% of
protein (Table 16). Ni-stress may result in a displacement
of Mg from wall and membrane binding sites. Ca may be 
involved in displacement although the importance of Ca is 
not well understood in bacterial cells (Hurst, 1969). The 
antagonistic relationship of Ni and Mg was previously noted 
by Cobet (1968). A similar phenomenon was observed in E. 
coli where growth was inhibited by 0.02 ppm Ni in a medium
containing 0.2 ppm Mg, but not with 200 ppm Mg (Sadler and
Trud inger, 1967).
Danielli and Davies (1949) considered the electro­
negativity of the metal ion as the principal factor for 
toxicity. The more electronegative the metal, the more 
avid the binding capacity and the greater the toxicity.
Shaw, (1961) among others, suggested that cation toxicity 
was related to the metal-complex stability between the 
element and the organic ligand or chelating compound, A 
furthur explanation of the Mg-Ni interaction may be the 
similarity of their ionic radii (0.66 A for Mg and 0,69
A for Ni). The ionic radius of a given element is import-
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ant for specific ligands or carrier molecules involved in 
ion transport across biological membranes (Eigen and Wilkins, 
1965).
The resolution of the individual proteins from the 
untreated and Ni-stressed cell envelope of il. marinus as 
shown in Fig. 19 was comparable to that of Serratia marc- 
escens (G-rula and Savoy, 1971)- Schnaitman (1970a) used 
a similar procedure employing acidified N,N'-dimethylfor- 
mamide and lipid removal prior to SDS gel electrophoresis 
which resulted in the resolution of 20-50 protein bands 
from the cell envelope of E. coli. Initially, the loss 
of protein from the cell envelope of Ni-stressed A. marinus 
appeared to involve specific proteins (Fig. 19). However, 
when the protein from the Mg-deficient (Fig. 20) and the 
Ni-stressed envelopes (Fig. 23) were examined in detail, 
a general loss of proteinaceous material was indicated.
Two models of membrane construction were proposed by 
Schnaitman (1970a) for the facultative E. coli to provide 
for a functional shift from a reductive to an oxidative 
mode of metabolism. One model predicted marked changes 
in protein organization whereas the second allowed for 
quantitative shifts among existing proteins. The similar­
ity in different envelope preparations of A. marinus (Fig.
19, 20, and 23) favors the second model since the envelope 
demonstrated minor alterations in individual proteins.
Ni may not act directly on a specific plasma membrane or 
wall component but rather to loosen the entire envelope 
structure, Schnaitman (l971h) suggested that the major
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force holding the cell wall of E. coli together is a hydro- 
phobic interaction between the different protein components.
Envelope proteins isolated from several gram-negative 
bacteria contained one or two major proteins with electro­
phoretic mobilities similar to the major protein (MW-44000) 
of the E. coli cell wall (Schnaitman, 1970c). A. marinus 
indicated a similar pattern (Table 17)• However, the 
technique used by Schnaitman (1970b) for E. coli produced 
a purified wall preparation whereas the technique used 
with A, marinus selected for both membrane and wall proteins. 
The four major envelope proteins of A. marinus accounted 
for approximately 50 per cent of the normal envelope protein 
(Fig. 25 and 24). Under Ni stress, a decrease in the en­
velope proteins of A. marinus was observed (Fig. 19 and 23). 
The major envelope proteins of A. marinus may exist in a 
number of different forms (Fig. 24) and, as in the outer 
membrane of E. coli (Schnaitman, 1971a,b) may consist of only 
a few proteins.
A lipoprotein linkage to the peptidoglycan of A. marinus 
may represent a site of attack for the Ni ion. The 
lipoprotein covalently bonded to the peptidoglycan of E. 
coli (Braun and Sieglin, 1970) bas a molecular weight of
7.000 daltons (Braun and Schwarz, 1969). However, the 
resolution of pioteins having molecular weights less than
10.000 daltons is not reliable in the gel system employed
(Grula and Savoy, 1971).
Thus, the interaction of Ni with the actively metabol-
lizing cell of A. marinus appeared to be linked to the
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disruption of cell wall organization. Whether Ni acts 
directly on cell wall polymerization and subsequent bridging 
of the macromolecular components or indirectly by alterations 
at the cell membrane remains to be resolved.
The primary site of Ni stress appears to rest in the 
three dimensional interaction of the various wall and mem­
brane layers. Particular emphasis is placed on the role 
of protein as the stabilizing material in maintaining a 
functional cell envelope in A. marinus. The more subtle 
effects of Ni stress are difficult to assess. Thus, the 
formation of a megalomorphic cell in A. marinus may result 
from a combination of direct and indirect lesions caused 
or triggered by Ni stress.
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